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ABSTRACT 
The effects of tillage and cooler soil temperatures under surface residue were 
incorporated into CROPGRO-Soybean. An energy balance-based soil temperature model 
was integrated into the model and compared to the original soil temperatvire model, which is 
driven primarily by air temperature. The new model gave an 8.6% higher R" (0.88 and 0.81 
for new and old models, respectively) and 20.6% lower RMSE at 10 cm depth (2.7°C and 
3.4°C for new and old models, respectively) under bare soil conditions for 5 years of 
validation. The new model generally gave lower RMSE and higher R^ values compared to 
the old model at all soil depths. It gave excellent predictions of emergence, with an average 
error of 0.6 day for 8 planting dates in spring of 1997. The old model had an average error of 
I day. Under cool conditions, the new model gave better predictions of emergence dates. 
However, under warm periods, both models typically gave the same accuracy, and were 
within 1 day of the measured emergence date. A tillage component was integrated into 
CROPGRO-Soybean and tested for conditions at Ames, LA. Predictions of changes in soil 
physical properties were consistent with the literature. The model gave good predictions of 
soil temperature at 6 cm depth under moldboard (R^ = 0.81), chisel plow (R" = 0.72), and no-
till (R" = 0.81) for 1997 and was able to simulate cooler soil temperatxires under no-till in 
early spring and consequent delays in emergence. Excellent predictions of soybean 
phenology and biomass accumulation (e.g. R" = 0.98, 0.97, and 0.95 for pod weight 
predictions under moldboard, chisel plow, and no-till, respectively) were obtained for 1997. 
Limited testing of the model for central and northeast Iowa conditions showed that slightly 
lower yields from no-till were primarily due to delayed emergence. Predicted yields from 
no-till were slightly higher when no-till had better water conservation (i.e. in drought years) 
and negligible delays in emergence. Generally, the tillage model confirmed field 
experiments showing that tillage did not significantly affect soybean yields in years with 
little or no water stress. 
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CHAPTER 1. GENERAL INTRODUCTION 
For many years, producers have tilled the soil in an attempt to create a more 
conducive soil environment for crop growth. Their primary motivation has always been to 
maximize yield and profit. Before the advent of herbicides, tillage was the most feasible 
method of weed control. Tillage also provided more uniform conditions across fields by 
spreading and incorporating surface crop residues. This made it easier for planting 
equipment to seed the fields more uniformly. 
Despite its many benefits, tillage does have its disadvantages, hi this age of growing 
environmental concerns and decreasing energy sources, the benefits of tillage must be 
weighed against the energy costs of tillage as well as other negative impacts on the 
environment (e.g. soil erosion). In view of this, conservation tillage (e.g. reduced-till or no-
till) is becoming more attractive as an alternative to conventional tillage. However, concern 
about yield reductions imder conservation tillage systems has limited its adoption. Therefore, 
studies are needed to compare yields under different tillage systems in various locations in 
order to aid producers in selecting the most economical and envirotmientally sound tillage 
system. In this regard, crop growth models are valuable decision support tools that may be 
used to compare crop yields under different tillage systems in diverse environments. 
The CROPGRO-Soybean model (Hoogenboom et al., 1994) was developed to 
compute growth, development, and yield on homogeneous units (either plot, field, or regional 
scale), and has been demonstrated to adequately simulate soybean growth at a field or 
research plot scale. The model requires inputs including management practices (variety, row 
spacing, plant population, fertilizer, and irrigation application dates and amounts) and 
environmental conditions (soil type, daily maximum and minimum temperature, rainfall, and 
solar radiation) (Paz et al., 1998). From this information, daily growth of vegetative, 
reproductive, and root components are computed as a fimction of daily photosynthesis, 
growth stage, and water and nitrogen stress. Soil moistuire and nitrogen balance models are 
used to compute water and nitrate levels in the soil as a function of rainfall and soil water 
holding properties. A detailed description of CROPGRO is given by Hoogenboom et al. 
(1994). 
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The current version of CROPGRO-Soybean does not have a comprehensive tillage 
component. Allen (1996) explored the possibility of simulating tillage effects in CROPGRO 
by adjusting values for albedo, saturated hydraulic conductivity, organic carbon, and bulk 
density. Dynamic changes of these parameters were not simulated in the model. He found 
that the model responded to differences in soil properties under moldboard plow, fall chisel, 
and no-till. However, the model was limited in its ability to accoimt for changes in soil 
temperature due to residue cover and its effects on emergence and in its ability to handle the 
soil water balance under different tillage systems. Therefore, the general objective of this 
research was to incorporate a simple yet mechanistic tillage component into CROPGRO-
Soybean that would account for the physical enviroimaental changes caused by tillage. This 
study focused on the effects of tillage on soil temperature, surface crop residues, physical soil 
properties, soil water balance, and the subsequent effects on soybean growth and yield. The 
specific objectives of the study were to: (1) improve the soil temperature component for 
improved soil temperature and emergence date prediction, (2) incorporate a mechanistic 
tillage component into CROPGRO-Soybean, and (3) test the tillage model under Upper 
Midwest conditions. 
Modeling Tillage 
The effects of tillage on soil physical properties and crop response have been 
extensively reviewed in the literature (Mankin et al., 1996; Allen, 1996; Anderson, 1986; 
Carter and Baraett, 1987; Wagger and Cassel, 1993). Most attempts to model environmental 
or crop growth differences under various tillage systems have come in the form of 
adjustments in soil or watershed parameters of existing models (King et al., 1996; Sugiharto 
et al., 1994; Azevedo et al., 1997; Allen, 1996). Few crop growth models have been found 
that actually incorporate a comprehensive tillage component that accounts for multiple tillage 
operations and subsequent dynamic changes in the soil enviroiunent. 
Swan et al. (1990) developed a com model that divided the soil into two zones: a 
surface zone where water may enter only by infiltration and may be lost by drainage, 
evaporation, and transpiration and a subsurface zone where losses are only through drainage 
and transpiration. Thickness of the surface zone was based on depth and extent of tillage. 
For example, surface-zone thickness was specified as 76 mm for no-till and paraplow, 120 
3 
mm for ridge plant, and 150 mm for moldboard and chisel plow. Soil evaporation was 
assimied to occur only through the surface area not covered by surface residue. Tillage and 
residue management had the principal effects of modifying plant density, soil water storage, 
and rate of phenologic development to the six-leaf stage for com (Swan et al., 1990). 
O' Leary and Coimor (1996) incorporated alternative fallow management techniques 
of stubble mulching and reduced tillage into an existing wheat crop model. The effect of 
mulch on damping the amplitude and shifting the phase of soil surface temperature was 
estimated with a sinusoidal function defining the general annual temperature cycle. Stubble 
acts as a barrier to infiltration by intercepting and absorbing rainfall, which may have a 
significant effect on surface soil water content in locations of firequent light rain showers (O' 
Leary and Connor, 1996). The maximum interception (RINF) in the model is reduced with 
smaller quantities of stubble, such that: 
RINF = Minimum [RAIN, 1.3(1 - e^*°  ^stubdw)^^ 
where RAIN is the daily rainfall (mm) and STUBDW is the dry weight of stubble on the 
surface (Mg ha"'). The model also accounts for the effects of stubble mulch on infiltration 
rates. Soil evaporation is also reduced by stubble: 
ELSE = ELSEr[1.5 - 0.2 In (100 STUBDW)] 
where ELSE is the energy-limited soil evaporation at the soil surface and ELSEr is ELSE in 
the absence of stubble or crop straw detemained by partitioning ETr between soil and crop. 
An albedo of 0.30 is assumed for a fully covered soil and is proportionally reduced to the 
bare-soil albedo, which is site specific. 
Dadoun (1993) developed CERES-Till by incorporating a mechanistic tillage 
component into the CERES-Maize model. CERES-Till was used to predict the influence of 
crop residue cover and tillage on soil surface properties and plant development. It includes 
surface residue dynamics (residue incorporation, decomposition, and surface coverage), 
rainfall interception and evaporation reduction by surface residue, albedo and soil 
temperature changes, and the dynamics of soil surface properties as affected by tillage and 
rainfall. The model was shown to improve plant development and soil surface water content 
predictions and showed good responses with respect to surface soil properties. 
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In general, there have been limited attempts to validate tillage models under a broad 
spectrum of climatic and environmental conditions. DifBcnlties in collecting detailed data on 
soil and crop responses to tillage have been the major hindrance. 
Dissertation Organization 
This dissertation is a compilation of three journal manuscripts submitted or intended 
for submission to refereed scientific journals. Each manuscript addresses a specific objective 
mentioned earlier. The first manuscript (Chapter 2) highlights modifications made on the 
soil temperature component of the CROPGRO-Soybean model to improve soil temperature 
predictions particularly under cool, wet conditions, which are typical of early planting 
conditions in the Upper Midwest. Also, this study attempted to address the problem of poor 
emergence date predictions by CROPGRO-Soybean under these conditions. Thus, the 
manuscript also describes a planting date and emergence study done at Ames, lA in the 
spring of 1998. The modified model was then tested for soil temperature and emergence 
predictions using the data gathered in the emergence study. 
Chapter 3 is the second manuscript that focuses on another aspect of soybean 
production management: tillage. The main objective of the study was to incorporate a tillage 
component in CROPGRO-Soybean and to test the tillage model. A detailed description of 
the tillage model developed for CROPGRO-Soybean is given. The temperature model 
developed in Chapter 2 was used in conjunction with the tillage model to simulate the 
cooling effect of surface residues particularly under reduced tillage. This chapter also 
includes a description of a tillage study conducted in 1997 to collect soybean developmental 
data and to observe environmental differences (e.g. soil temperature, soil surface properties) 
under moldboard, chisel plow, and no till treatments. The tillage model was tested against 
this data set. A sensitivity analysis for weather and tillage parameters is included also. 
All the tests of the tillage model developed in Chapter 3 were done for a single 
location (Ames, lA). Chapter 4 highlights tests done for conditions at Iowa State 
University's Northeast Research and Demonstration Center (NERC) near Nashua, I A. Three 
years of soybean yield data fi-om Lundvall et al. (1998) were used in the model tests. The 
tillage systems studied were no-till, fall disk-chisel, and fall moldboard plow. A discussion 
of the tillage model's performance in Nashua is included. 
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The references cited in each manuscript are listed at the end of each chapter. Chapter 
5 summarizes all the major conclusions obtained from the three journal manuscripts. A 
discussion of recommended future work is the last section of the text. Four appendices are 
included at the end of the dissertation that contain relevant details and information used in 
the computer simulations. Appendices A and B contain the FORTRAN source code for the 
soil temperature and tillage components, respectively. Appendix C describes the tillage input 
file and its required format. Finally, the actual CROPGRO input files used in simulating the 
1997 tillage study are included in Appendix D. 
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CHAPTER 2. MODIFICATION OF A SOYBEAN MODEL TO IMPROVE SOIL 
TEMPERATURE AND EMERGENCE DATE PREDICTION 
A paper submitted to the Transactions of the AS AE 
A. A. Andales, W. D. Batchelor, and C. E. Anderson 
Abstract: Recent studies have shown that the CROPGRO-Soybean model does not predict 
soil temperature very well in Iowa. This typically gives errors in predicted emergence date, 
which translates to errors in timing of development and biomass accumulation during the 
remainder of the season. In order to improve the model, an energy balance-based soil 
temperature model was integrated into the soybean model and compared to the original soil 
temperature model, which was driven primarily by air temperature. In the new model, 
temperature at the soil surface is estimated from the basic energy balance equation at the air-
soil interface and the soil temperature profile is calculated using the one-dimensional 
conductive heat flow equation. The model was calibrated using 5 years of bare-soil 
temperature data measured at an experimental farm near Ames, lA. Validation of the new 
model using 5 additional years of bare-soil temperature data from the same location gave an 
8.6% higher R^ (0.88 and 0.81 for new and old models, respectively) and 20.6% lower 
RMSE at 10 cm depth (2.7°C and 3.4°C for new and old models, respectively). Under bare 
soil conditions, the new model gave 28.6% and 260.0% higher R^ values compared to the old 
model at 51 cm and 102 cm depths, respectively. Also, the new model gave 45.8% and 
69.8% lower RMSE compared to the old model at 51 cm and 102 cm depths, respectively. 
The models were also compared for accuracy in predicting emergence date. Experimental 
data on soil temperature and emergence for soybeans planted on weekly intervals over an 8-
week period were used to test the models. The new model gave excellent predictions of 
emergence, with an average error of 0.6 day for the 8 weekly experiments. The old model 
had an average error of 1 day. Under cool conditions, the new model gave more accurate 
predictions of emergence dates. However, under warm periods, both models typically gave 
the same accuracy, and were within about 1 day of the measured emergence date. 
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Introduction 
Soil temperature affects soybean {Glycine max L.) emergence, root development, and 
nitrogen transformations that are important for growth. Soybean is chill sensitive and has a 
lower limit of 10-12°C for germination (Nyldforuk and Johnson-Flanagan, 1998). In 
phytotron studies, Muendel (1986) found that each 1°C decrease in mean soil temperature 
between 17.3 and 8.5°C resulted in a 2-day delay in emergence. Thus, low soil temperatures 
commonly observed during the early planting period or under no-till conditions in the 
Midwest could potentially delay soybean emergence and adversely affect stand establishment 
and final yield. 
The CROPGRO-Soybean model (Hoogenboom et al., 1994) was developed to 
compute growth, development, and yield on homogeneous imits (either plot, field, or regional 
scale), and has been demonstrated to adequately simulate soybean growth at a field or 
research plot scale. The model requires inputs including management practices (variety, row 
spacing, plant population, fertilizer, and irrigation application dates and amounts) and 
enviroiunental conditions (soil type, daily maximum and minimum temperature, rainfall, and 
solar radiation) (Paz et al., 1998). From this information, daily growth of vegetative, 
reproductive, and root components are computed as a fimction of daily photosynthesis, 
growth stage, and water and nitrogen stress. Soil moisture and nitrogen balance models are 
used to compute water and nitrate levels in the soil as a fimction of rainfall and soil moisture 
holding properties. 
In crop modeling, the accuracy of final yield predictions depends on timely 
predictions of critical growth stages such as emergence. Sexton et al. (1998) and Allen 
(1996) found that the CROPGRO-Soybean model did not predict emergence date well under 
cool, wet conditions. These conditions occur often in Iowa and other parts of the Midwest, 
especially under no-till practices. Thus, the purpose of this work was to improve soybean 
emergence predictions of CROPGRO-Soybean under these conditions. The specific 
objectives were to; (1) improve and evaluate the existing soil temperature subroutine of 
CROPGRO, (2) collect field data of soybean planting and emergence as affected by soil 
temperature, and (3) evaluate the ability of CROPGRO-Soybean to simulate planting date 
and soil temperature effects on emergence under diverse temperature conditions. 
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Materials and Methods 
Soil Temperatare Model 
Preliminary simulations using the existing soil temperature model (hereafter referred 
to as the old model) demonstrated the capability of the model to follow the general trend of 
soil temperature in the top 5 cm of soil. This top layer is of greatest concern with respect to 
temperature effects on emergence. However, the old model lacked sensitivity to surface 
weather perturbations and inadequately simulated temperatures in the deeper layers. This 
affected the acciraiulation of thermal days in the model, which is used to determine the 
occurrence of germination and emergence. The old soil temperature model is based on one 
used in the Erosion Productivity Impact Calculator, more commonly known as EPIC 
(Williams et al., 1984). It consists of a cosine wave function that oscillates around an 
average armual air temperature provided by the user as input. The amplitude of the wave 
must also be specified. On any given day the average soil temperature of a layer (ST(L)) is 
calculated as follows (Jones et al., 1986): 
ST(L) = TAV+( TAMP 12 * COS(ALX + ZD) + DT)e^ (1) 
where TAV is average armual air temperature (°C), TAMP is the armual amplitude in mean 
monthly air temperature (°C), ALX is a factor used to calculate normal soil surface 
temperamre on this day, ZD is a factor that reduces changes in soil temperature with depth, 
and DT is the rate of change of actual soil surface temperature with time. The predicted 
temperatures of lower layers are thus dampened and allowed to lag behind surface 
temperature changes. ALX represents the current Julian day in radian units: 
ALX = 2;r/365(£>(9r - 200) (2) 
where DOY is the Julian day of the year and Julian day 200 is assumed to have the warmest 
average soil temperature during the year. On a particular day the actual soil temperature at 
the surface(TMA(l)) is affected by current weather conditions: 
TMA(\; = (l - ALBEDO)* [l4 VG + (TMAX - TA VG)* yjOmfSRAD)] 
+ ALBEDO* TMAil) 
where ALBEDO is soil albedo, TAVG and TMAX are mean and maximum air temperatures 
(°C), respectively, SRAD is solar radiation (MJ m"^ day"'), and the TMA(l) on the right side 
of the equation is the previous day's predicted surface soil temperature. DT in equation 1 is 
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the difference between the five-day moving average of TMA and the normal surface 
temperature for the day (TA), which is calculated by : 
TA = TAV^ TAMP 11 * C0S{ALX) . (4) 
It was hypothesized that an energy balance approach to modeling soil temperature 
would provide more sensitivity to surface weather perturbations and would give better 
estimates for deeper soil layers. Therefore, a soil temperature subroutine based on an energy 
balance approach (i.e. the PRZM2 soil temperature subroutine, Mullins et al., 1993) was 
integrated into CROPGRO in lieu of the existing subroutine. The soil profile temperature 
model is based on the one-dimensional partial differential equation describing conductive 
heat flow in soils: 
AJ ^ d - T  d d  8 T  (5) 
At az oz oz 
where T is soil temperature (°C), t is time (days), d is thermal diffiisivity (cm^ day*'), and z is 
depth of soil (cm). The following numerical approximation is used to solve equation 5: 
~^/-l _ ~^^ii 
= ; (O) 
M Az-
where i and j are indices for soil layer and time, respectively. Equation 5 is solved 
numerically for soil temperature as a function of depth and time based on the input thermal 
diffiisivity for each soil layer, and the following initial and boundary conditions: 
Initial Condition: 
L.0 = T(z) (7) 
Boundary Conditions: 
To,=T/t) (8) 
Tu=TJt) (9) 
where T(z) is initial soil temperature in each soil layer (°C), Ts(t) is the calculated soil surface 
temperature for each time step (°C), and TL(t) is the lower boundary temperature condition at 
the bottom of the soil profile (°C). The procedures used to estimate soil thermal diffiisivity 
are taken fi"om De Vries (1963). It is calculated fi'om basic soil properties — soil water 
content, mineral composition, texture, and theraial conductivity of the individual soil 
particles. 
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The upper boundary soil temperature Ts(t) is estimated from the basic energy balance 
equation at the air/soil interface; 
R n - H , -  L E ,  - G, = A7H (10) 
where Rn is net radiation (positive downward), Hs is sensible air heat flux (positive upward), 
LEs is latent heat flux (positive upward), Gs is soil heat flux (positive downward), and ATH is 
the change in thermal energy storage in the top soil layer. All terms are in units of cal cm'^ 
day'. Details of how each term is evaluated are given by Mullins et al. (1993) as follows. 
The term ATH can be evaluated as: 
ATH = {p,d)s{T,_,-T,) (11) 
where pb is bulk density of soil (g cm'^), d is thickness of a thin surface soil layer (cm), s is 
the specific heat capacity of soil (cal g"' °C"'), and Tj and Tj+i are the representative 
temperatures for the surface layer at two consecutive time steps and can be represented as the 
average of temperatures at the top and bottom of the soil layers. For evaluating the heat 
exchange across the air/soil interface, the thickness d can be set to a small value so that ATH 
may be neglected. As a result, the right side of equation 10 is set equal to zero. 
Net radiation flux at the soil surface is represented as: 
R n = i R s - K r )  +  i R , a - K r ) - R u  ( 1 2 )  
where Rn is the net radiation flux (cal cm"" day"'), Rs is the incident short-wave solar 
radiation (cal cm'^ day"'), Rsr is reflected short-wave solar radiation (cal cm"" day"'), Ru is 
incident long-wave atmospheric radiation (cal cm'^ day"'), Riar is reflected long-wave 
atmospheric radiation (cal cm"" day"'), and Ris is long-wave radiation emitted by the soil (cal 
cm'" day"'). The terms Rs and Rsr include both the direct and diffuse short-wave radiation, 
and are related as follows: 
(13) 
where a is the albedo of the surface (dimensionless). The surface albedo calculated by 
CROPGRO is used in equation 13. Thus, the short-wave radiation component of the energy 
balance is: 
R,-R,r=RA\-cc) (14) 
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Measured daily values of incident short-wave radiation (Rs) must be provided in the 
CROPGRO weather file. 
The incident long-wave atmospheric radiation (Rja) is represented as: 
(15) 
where ea is the emissivity of the atmosphere (dimensionless), CT is the Stefan-Boltzmann 
constant (11.7 x 10'® cal cm*^ day"'), and Ta is air temperature (®K). The effect of cloud 
cover, which could increase Ria by up to 25% under overcast conditions, is neglected in the 
model since this would require input of a cloud cover time series and its influence on the 
calculated soil surface temperature would be small (Mullins et al., 1993). The following 
empirical relationship is used to estimate the emissivity of the atmosphere: 
=0.936*10-'r/. (16) 
The reflected long-wave radiation (Riar) is expressed as: 
(17) 
where y is the reflectivity of the soil surface for long-wave radiation (dimensionless). The 
resulting net atmospheric long-wave radiation component is: 
=^/.a-r) = 0-936^10-'rXl-r) (18) 
The long-wave radiation component emitted by the soil surface is represented in an 
analogous equation to the atmospheric component, as follows: 
(19) 
where Cs is infrared emissivity of the soil surface (dimensionless; assumed equal to 0.95) and 
Ts is soil surface temperature (°K). Since the soil emissivity and reflectivity are related as 
es=l-y, the term 1-y can be replaced in equation 18 with Cj. Combining the radiation 
components from equations 14, 18, and 19 gives the resulting net radiation flux: 
(1 - a) + 0.936 »10"' oT^e, - (20) 
The evaporative heat flux (LEs) is estimated by: 
LEs=nEp^. (21) 
13 
where ^ is latent heat of vaporization of water (580.0 cal g"'), E is soil evaporation rate (cm 
day"'), and pw is density of water (1.0 g cm"'). The soil evaporation rate is estimated by the 
soil evaporation subroutine of CROPGRO. 
The sensible air heat flux (Hs) is calculated by: 
H,=P.C^KT,-T^) (22) 
where pa is air density (g cm"'), Cpa is specific heat of air at constant pressure (0.2402 cal g"' 
°K"'), h is the heat transfer coefficient at the air-soil interface (cm day"'), and Ta is air 
temperature (°C). The following simple linear correlation is used to estimate the air density: 
= (-0.0042r„ -f-1.292) • 10"\ (23) 
The heat transfer coefficient is given by: 
h = K,2V, ba (24) 
where K| is Von Karman's number (0.41), is wind speed (cm day"'), Zrh is the reference 
height at which is measured (m), D is the zero plane displacement (m), and Zo is 
roughness height (m). The following con-elations have been developed relating D and Zo to 
the canopy height, Zch (m) • 
log = 0.997 log Zc» - 0.883 (25) 
log D = 0.9793 log ZCH -0.1536. (26) 
D is assumed to be zero when ZCH is less than 5 cm. The canopy height is estimated by 
CROPGRO. Equation 24 is valid only when the air temperature does not vary greatly with 
height, as is often the case near sunrise or sunset or under cloudy skies or when canopy 
heights are relatively small. It appears to be a reasonable approximation for most agricultural 
crops (Mullins et al., 1993). 
Finally, the soil heat flux (Gs) is calculated by: 
G, =(r,-7^)A,/Z>, (27) 
where T i is temperature at the bottom of soil layer 1 (°K), Ts is soil surface temperature (°K), 
X.I is thermal conductivity of layer I (cal cm"' day"' ®K"'), and Dt is thickness of layer 1 (cm). 
Substituting equations 20, 21, 22, and 27 into equation 10 results in the following fourth-
order equation in terms of Tj: 
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+ (28) 
-[{\-a)R, +0.936*10-Vr>, -//Ep,+/1,/Z),7;] = 0 
The value of soil surface temperature (Ts) on each day is estimated by solving equation 28 
numerically using the Newton-Raphson method. At the start of simulation, the initial value 
of Ts is assumed equal to measured air temperature and the energy balance components are 
calculated using the above equations. The value for temperature of the bottom soil layer (TO 
is obtained from the previous time step. These calculations are repeated until the difference 
between two consecutive estimates for soil surface temperature is less than the convergence 
criterion of 0.1''C. 
One difficulty with the energy balance approach is that it requires boundary 
temperatures both at the surface and at the bottom of the soil profile as well as initial 
temperatures of all the soil layers. The PRZM2 soil temperature model (hereafter referred to 
as the new model) estimates the surface boundary temperature but requires the bottom 
boundary temperatures and initial temperatures of all the layers to be provided as input. To 
avoid these additional input requirements, initial temperatures and bottom boundary 
temperature were estimated using an equation commonly used to describe the thermal regime 
of soil profiles (Hillel, 1982): 
T(z,t) = T A^]s\n((ot -z d )]/€"' (29) 
where T(z,t) is soil temperature (°C) at depth z (cm) and time t (day of year), T is the 
average temperature of the surface (°C), Ao is the temperature amplitude at the soil surface 
(°C), and d is the damping depth (cm). Values for T and Ao are specified in the weather 
input file of CROPGRO. The annual average air temperature and amplitude for the specific 
year being simulated may be used as estimates for T and Ao, respectively. Equation 29 is a 
sine wave whose amplitude decreases with depth and that is phase-shifted by an amount that 
increases with depth. Note that this is similar to equation 1 - the governing equation in the 
old model. 
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Emergence Calculation 
Emergence in CROPGRO occurs when a degree day accumulator (in thermal days), 
which is initiated at planting, crosses a threshold. The threshold time for emergence in 
thermal days (PHTEM) is calculated by: 
PHTEM = PHTHRSd) + SDEPTH • 0.6 (30) 
where PHTHRS(l) is the time required for seed germination (thermal days), SDEPTH is the 
planting depth (cm), and 0.6 is the thermal days required per cm of growth. PHTHRS(l) is a 
genetic parameter specified by the user. Accimiulation of thermal days is calculated by: 
PHZACC( 1) = S FT( 1) * MIN[FSW( 1), FNSTR( 1)] (31) 
where PHZACC(l) is cumulative time of progression from planting (thermal days), FT(1) is 
the temperature function (0-1) for the emergence phase multiplied by the minimum of the 
water stress factor [FSW(l) = 0-1] and the nitrogen stress factor [FNSTR(l) = 0-1]. FT(1) 
linearly approaches zero (no accumulation of thermal days) when the soil temperature 
approaches either the lower or upper limit of temperature conducive for emergence. On the 
other hand, it is one (one thermal day is accumulated) if the soil temperature is within the 
optimal range for emergence. The temperature function graphically resembles a trapezoid 
with thermal days (0-1) on the y-axis and soil temperature on the x-axis. Emergence occurs 
when PHZACC(l) is greater than or equal to PHTEM. 
Evaluation of Soil Temperature Predictions 
The new model was evaluated using ten years (1982 - 1990, and 1995) of bare soil 
temperatures at 6.4, 10, 20, 51, and 102 cm depth taken from the ISU Agronomy and 
Agricultural Engineering Research Center near Ames, LA. Five years were randomly 
selected for model calibration while the remaining five years were used for validation. For 
the calibration, estimated soil and weather parameters (see Table 1 except RAIN and SRAD) 
were adjusted within typical ranges one at a time until the best visual fit of the predicted to 
the observed soil temperatures was obtained. The calibrated set of input parameters was then 
used to run the model for the validation years. Since the energy balance approach accounts 
for sensible air heat flow that is affected by wind speed, two sets of simulations were 
performed: one with actual wind speed in the weather file, and another without any wind 
speed data. This was done to determine the effect on accuracy of soil temperature 
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predictions when wind data are unavailable - a common modeling scenario. Properties of a 
representative soil profile of Clarion loam (Fine-loamy, mixed, mesic Typic Hapludolls) 
observed at a nearby farm were used in the simulations. For comparison, the old model was 
also run using the same data set used for evaluating the new model (i.e. ten years of bare soil 
temperatiu-es at five depths from Ames, lA). 
To evaluate accuracy of soil temperature predictions, the root mean square error 
(RMSE) and the coefficient of determination (R^) were calculated. The RMSE reflects the 
magnitude of the mean difference between predicted and observed values over time, and is 
calculated using: 
/n (32) 
where n is the total nimiber of observations, Y is the measured value, and Y is the predicted 
value. The is a measure of the variance of the observations explained by the model. The 
values were calculated using a linear regression analysis tool of a spreadsheet. Time series 
plots of observed and predicted soil temperature were also used to view the goodness of fit of 
the model predictions. 
Sensitivity Analysis 
The sensitivity of soil temperature predictions of the new model to soil and weather 
parameters was evaluated using the soil temperature data set collected from the emergence 
field experiment. A base value for RMSE was derived from runs of the new model using 
previously calibrated soil and weather parameters. Percent changes in RMSE were then 
calculated for a 5 %, 10%, 20%, and 50% change (both positive and negative changes) in 
selected soil and weather parameters. Relative sensitivity (S^) was then calculated for the i^ 
perturbation by: 
SI  =% change  in  output /% change  in  input  (33) 
where the output in this case was RMSE and the input was a particular parameter. Thus, 
there were 8 Sr' values for each parameter corresponding to 5%, 10%, 20%, and 50% changes 
both in the positive and negative directions. The 8 values were then averaged to obtain a 
single value (SrAvo) for each parameter: 
(34) 
17 
where n is the number of perturbations (i.e. n = 8 in this case). SrAvc may mask the tme 
magnitude of sensitivity since there is a possibility of Sr values with opposing signs to cancel 
out. SrAVG is thus most useful in showing whether the relationship between changes in input 
and output is predominantly inverse or direct. An additional measure of the magnitude of 
sensitivity is the root mean square Sr (RMSSr): 
(35) 
The analysis was done for early spring 1998 and for late spring 1998 to check for 
differences in parameter sensitivity under two different soil moisture regimes. Early spring 
simulations were from 14 April to 14 May - a relatively dry period with 50 mm of rain. Late 
spring simulations were from 4 May to 11 June - a relatively wet period with 174 mm of rain. 
The analysis not only identified the most sensitive parameters but also indicated the direction 
in which parameters should be adjusted to minimize the RMSE and thus improve the 
accuracy of predictions. 
Evaluation of the Model for Predicting Emergence 
A planting date and emergence study was conducted at the Iowa State University 
Agronomy and Agricultural Engineering Research Center near Ames, lA from 13 April 1998 
to 16 June 1998. The soil is predominantly Clarion loam (Fine-loamy, mixed, mesic Typic 
Hapludolls) with 2 to 5 percent slope. The experimental plots were laid out according to a 
randomized complete block design. The experiment had eight planting dates (i.e. 8 
treatments) in three blocks or replications. The study was conducted to collect planting date 
by emergence data as influenced by soil temperature. On each planting date, soybean 
cultivar 'Stine 2250' was planted at a depth of 3.0 cm using a planter with 76 cm row 
spacing. At the center of each plot, a thermistor cable attached to a StowAway XTI 
temperature logger (Onset Computer Corporation) was installed at a depth of 10 cm in the 
row immediately after planting. Soil samples from 0 to 30 cm were taken weekly from each 
block for gravimetric soil moisture determinations. The plots were inspected every two to 
three days for emergence. Later in the season (8 September 1998), we took soil temperature 
readings at 10 cm and 22.5 cm depths from each experimental block to calculate the apparent 
thermal dififusivity using the arctangent equation (Horton et al., 1983). The measured 
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apparent thermal difiusivity was then compared to the model estimate for the same depth and 
date in order to gauge the model's accuracy in estimating this thermal property. 
The new soil temperature model was calibrated through adjustment of estimated soil 
and weather parameters in order to minimize the RMSE for the first planting date period. 
The CROPGRO-Soybean phenology component, which predicts emergence, was calibrated 
to work with the new soil temperature model by adjustment of the 'PHTHRS(l)' coefficient 
(time required for seed germination in thermal days) in order to match the observed 
emergence for the first planting date. The model was then run for the remaining seven 
planting dates to evaluate its ability to predict emergence. 
Results and Discussion 
Bare Soil Temperature Predictions 
Figiu-es 1 to 3 show sample outputs of the old and new soil temperature models for 
1989 (validation year) at 3 depths. Figiu-e 1 shows that both models followed the general 
trend of measured soil temperature at 10 cm depth. However, the new model exhibited 
greater sensitivity to surface perturbations such as shown between day 150 and 200 (Fig. 1). 
The models deviated more as depth increased (Fig. 2 and 3). At 102 cm (Fig. 3), the new 
model followed the measured trend much better than the old model. The old model 
overestimated the dampening of the soil temperature with depth and is clearly inadequate for 
estimating soil temperatures in the deeper layers. 
The new soil temperature model generally gave higher R^ values and lower RMSE 
compared to the old model (Table 2). For 5 validation years with no wind data, the new 
model gave an 8.6% higher R" (0.88 and 0.81 for new and old models, respectively) and 
20.6% lower RMSE at 10 cm depth (2.7°C and 3.4°C for new and old models, respectively). 
Under bare soil conditions, the new model gave 28.6% and 260.0% higher values 
compared to the old model at 51 cm and 102 cm depths, respectively. Also, the new model 
gave 45.8% and 69.8% lower RMSE compared to the old model at 51 cm and 102 cm depths, 
respectively. Better predictions fi^om the new model were clearly seen for the deeper layers. 
Table 2 also shows that excluding daily wind speed data from the inputs only had a 
slight detrimental effect (e.g. 3.3% lower R^ at 10 cm depth : 0.88 with no wind data versus 
0.91 with wind data for validation years) on the goodness of fit. For practical purposes, the 
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new model can give adequate soil temperature predictions without daily wind data, which is 
often not measured. Both the new and old models asstmie a relatively low default wind 
speed value of Im s"' if wind speed data are not given. Simulations using the old model 
gave the same predictions with and without wind data since the old model does not accoimt 
for heat exchange between the soil surface and the air. 
Sensitivity Analysis 
Values of RMSSr and SrAvc for selected parameters in the new temperature model 
(i.e. with respect to RMSE of soil temperature predictions) are shown in Figure 4. A positive 
SrAVG value indicates a direct relationship between RMSE and input while a negative value 
indicates an inverse relationship. Since relative sensitivity is dimensionless, it may be 
directly compared across parameters. 
Soil temperature predictions were found to be most sensitive to (in order of 
decreasing sensitivity) SRAD, DUL, U, SAT, LL, ALES and SALB (Fig. 4A; see Table 1 for 
definitions). Sensitivity to RAIN, CN2, TAMP, TAV, CLAY, SILT, and STONES was 
moderate. Soil temperature predictions were insensitive to SWCN and BD. In general, 
sensitivity was greater during the dry period (i.e. early spring) than during the wet period (i.e. 
late spring), especially for hydrologic parameters. DUL and SALB exhibited significant 
inverse relationships with RMSE (Fig. 4B). This, for example, suggested values for DUL 
and SALB had to be increased relative to their base values during calibration in order to 
reduce the RMSE. Clearly, solar radiation drives the new soil temperatiire model and is the 
most important factor influencing predicted emergence. In fact, when solar radiation was 
reduced to half of actual, predicted emergence was delayed by 13 days in early spring and by 
4 days in late spring. 
Soybean Emergence Predictions 
Observed number of days fi-om planting to emergence for the eight planting dates are 
shown in Table 3. As expected, lower mean soil temperatures delayed emergence. This was 
evident in the first three treatments in early spring when it took from 11 to 19 days for the 
plants to emerge. Treatments 5 and 7 experienced the warmest average soil temperatures 
during the emergence period and thus exhibited the least number of days to emergence. 
20 
Low soil temperature was the likely cause of delayed emergence in Treatments 1 
through 4. However, high rainfall intensities resulting in soil surface crusting, in addition to 
cool temperatures, also contributed to delay emergence in Treatments 6 and 8. For example, 
a total of 93.6 mm of rain fell during the emergence period of Treatment 8. Relatively low 
emergence percentages were observed in the field under this treatment. 
Several times diuing the study, extremely wet conditions in the field prevented us 
fi-om checking the plots for emergence. Therefore, some of the recorded emergence dates 
may be late by as much as a day. 
An analysis of variance (Table 4) of the mean soil temperatures from the emergence 
study showed significant differences between mean soil temperatures for the 8 treatments (F 
= 385.70 > Fa=.o5 = 2.76). The diversity of soil temperature and soil moisture regimes among 
treatments made this data set ideal for testing the new model for predicting soybean 
emergence. 
Calibration of CROPGRO-Soybean with the new soil temperature model using data 
fi-om Treatment 1 resulted in a PHTHRS(l) coefficient (thermal days required for seed 
germination; see equation 30) of 2.3 thermal days instead of 3.6 that is used in the old model. 
Preliminary runs of the new model gave late emergence using PHTHRS(l) = 3.6. 
Decreasing PHTHRS(l) to 2.3 thermal days hastened predicted emergence in order to match 
field observations. Emergence predictions fi'om the old and new models are given in Table 
5. The new model gave excellent predictions of emergence, with an average error of 0.6 day 
for the 8 weekly experiments. The old model had an average error of 1 day. The new model 
demonstrated improved accuracy in predicting emergence during cool weather such as in 
Treatments 1 and 2. Emergence predictions for warmer periods by the old and new models 
were within I day of each other. For practical purposes the new model predicted emergence 
reasonably well. 
For the new model, RMSE of soil temperature predictions was less than the old 
model's for all but Treatments 3 and 8. The best soil temperature predictions by the new 
model were for Treatment 4 (Fig. 5) which was the driest period of the study. In contrast, the 
worst soil temperature predictions by the new model were for Treatment 8 (Fig. 6) - the 
wettest period of the study. Figure 5 shows the dampened behavior of the old model typical 
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of cosine waves while also showing how the new model responds to surface perturbations. 
The new model gave a large RMSE for Treatment 8 (see Table 5) due to a dramatic decrease 
in predicted soil temperature much lower than observed (Fig. 6). This response may have 
been caused by two contributing factors: a dramatic reduction in solar radiation and 
significant rainfall amounts during the emergence period. In fact, when rain was set to zero 
in the model for the duration of Treatment 8, the RMSE was reduced from 3.122 to 1.019. 
This is evidence that convective heat transfer (heat transport with flowing liquid water or 
water vapor) plays a major role in heat flow during wet periods. The new model is 
inaccurate during very wet periods since it only includes heat transfer by conduction. The 
high RMSE for Treatment 8 may also point to inaccxiracies in the soil property estimates (e.g. 
saturation) which greatly influence thermal properties. Figure 6 again shows a dampened 
response of the old soil temperature model. 
The clear advantage of using the new model is better soil temperature predictions. 
However, more tests using additional years of emergence data are needed for us to 
unequivocally conclude that the new model gives better emergence predictions. The 
simulation exercise did demonstrate that the improved soil temperature model is compatible 
with the phenology component of CROPGRO-Soybean with respect to emergence. 
Possible sources of errors in predicting soil temperature and emergence were 
inaccurate initial conditions (e.g. initial soil moisture of each layer) at the start of 
simulations, wrong estimates of soil physical properties (e.g. sand, silt, and clay fractions; 
hydraulic properties), and the exclusion of convective heat flow in the model. The mean 
apparent thermal diffiisivity measured on 8 September 1998 for the 10-22.5 cm soil layer was 
378.37 cm^ day"' with a standard deviation of 92.20 cm^ day '. The model estimate of 
apparent thermal difiusivity for the same date and soil layer was 443.83 cm" day"', which 
was within one standard deviation of the measured mean value. This provided some 
evidence that the model was adequately estimating the apparent thermal diffiisivity. 
Although the predicted and observed emergence dates were the same for Treatment 
8, the predominant hindrances to emergence were different in each. In both the old and new 
models, the primary hindrance was low soil temperature. On the other hand, a combination 
of low soil temperature and mechanical impedance due to soil crusting hindered actual 
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emergence in the field. CROPGRO-Soybean currently does not account for soil crusting that 
can delay emergence. 
Conclusions and Recommendations 
Under bare soil conditions, the new soil temperature model based on an energy 
balance approach generally gave higher R^ values and lower RMSE compared to the old 
model, which is mainly driven by air temperature. The clear advantage of the new over the 
old model is improved soil temperature predictions, especially in deeper layers. For practical 
purposes, the new model can give adequate soil temperature predictions even without daily 
wind speed data (a common modeling scenario). 
For the new model, RMSE of soil temperature predictions was less than the old 
model's for 6 out of 8 planting date treatments in 1998. The new soil temperature model 
helped improve CROPGRO-Soybean's accuracy in predicting soybean emergence during 
cool weather, which is typical in the Midwest. Emergence predictions for warmer periods 
with the old and new soil temperature models were within I day of each other and were close 
to observed dates. 
More tests using additional years of emergence data are recommended to ascertain the 
advantage of using the new soil temperature model for predicting emergence instead of the 
old model. The new model drastically under-predicted soil temperatures during periods of 
heavy rain. This is evidence that convective heat transfer (heat transport with flowing liquid 
water or water vapor) plays a major role in heat flow during wet periods. The new model is 
limited since it only includes heat transfer by conduction. Thus, heat transfer by convection 
should be added to the model. A possible extension of this study would be to link the new 
soil temperature model with the nitrogen routines in CROPGRO to account for temperature 
effects on N transformations. A soil crust that may form after heavy rain acts as a physical 
barrier that mechanically impedes soybean emergence. There is a need to include this 
phenomenon in future developments of the model. 
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Table 1. List of parameter definitions 
Parameter Definition Units 
SALE soil albedo dimensionless 
U evaporation limit mm 
ALES soil evaporation parameter dependent on soil dimensionless 
hydraulic characteristics 
CN2 SCS nmoff ciuve number dimensionless 
LL lower limit of available soil moisture cm^ cm'^ 
DUL drained upper limit of soil moisture cm^ cm'^ 
SAT soil moisture saturation or porosity cm^ cm"^ 
SWCN saturated hydraulic conductivity cm h"' 
BD bulk density, moist gcm'^ 
CLAY clay (<0.002 mm) % 
SILT silt (0.05 to 0.002 mm) % 
STONES coarse Section (>2 mm) % 
TAV annual average air temperature °C 
TAMP amplitude of the annual air temperature wave °C 
RAIN daily rainfall mm 
SRAD solar radiation MJ m"" day"' 
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Table 2. Comparison of the old and new soil temperature models in CROPGRO 
Soil depth New Model Old Model 
cm R^ RMSE^ R^ RMSE' 
With No Wind Data 
Calibration Years ^  
10 0.89 2.5 0.85 3.0 
51 0.88 2.6 0.76 5.1 
102 0.88 2.1 0.37 6.8 
Validation Years^ 
10 0.88 2.7 0.81 3.4 
51 0.90 2.6 0.70 4.8 
102 0.90 1.9 0.25 6.3 
With Wind Data 
Calibration Years ~ 
10 0.92 2.1 
51 0.91 2.0 (same as no wind) 
102 0.88 1.9 
Validation Years ^ 
10 0.91 2.3 
51 0.91 1.8 (same as no wind) 
102 0.90 1.7 
'RMSE = root mean square error 
"Calibration years: 1982,1983,1985,1986,1995; 948 observations 
^Validation years: 1984,1987,1988,1989,1990; 991 observations 
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Table 3. Mean soil temperatures at 10-cm depth, observed emergence date, and rainfall 
from planting to emergence (1998, Ames, lA) 
Treatment Mean Soil Temp. Observed Days to Rain' 
(Planting date) (C) Emergence (mm) 
1 (4/13) 11.6 19 47.4 
2 (4/22) 13.7 12 9.2 
3 (4/27) 14.9 11 10.4 
4 (5/4) 18.0 7 3.5 
5(5/11) 20.0 6 9.1 
6(5/18) 19.3 8 47.0 
7 (5/27) 21.2 6 22.6 
8(6/1) 17.0 11 93.6 
'From planting to emergence 
Table 4. ANOVA table for mean soil temperatures from the emergence study 
Source df SS MS F 
Treatment 7 232.17 33.17 385.70 
Block 2 0.24 0.12 
Error 14 1.20 0.086 
Total 23 233.61 
Table 5. Emergence predictions from the old and new models 
Treatment Days to Emergence RMSE' 
(Planting) Observed Old Model New Model Old Model New Model 
1 (4/13) 19 14 19 2.548 1.252 
2 (4/22) 12 11 12 2.866 1.262 
3 (4/27) 11 11 12 1.404 2.257 
4 (5/4) 7 7 7 2.694 0.590 
5 (5/11) 6 6 6 2.390 1.001 
6 (5/18) 8 6 5 3.709 1.564 
7 (5/27) 6 6 5 2.289 1.776 
8 (6/1) 11 11 11 2.141 3.122 
RMSE = Root mean square error of soil temperature predictions at 10 cm depth 
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Figure 2. Predicted and measured soil temperature for the old and new models for 1989 
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CHAPTER 3. INCORPORATING TILLAGE EFFECTS INTO A SOYBEAN MODEL 
A paper to be submitted to Transactions of the ASAE 
A. A. Andales, W. D. Batchelor, and C. E. Anderson 
Abstract: A tillage model was integrated into CROPGRO-Soybean and tested for conditions 
in Ames, lA. Predictions of changes in surface residue, bulk density, hydraulic conductivity, 
runoff curve number, and surface albedo were consistent with expected behaviors of these 
parameters as described in the literature. The model gave good predictions of soil 
temperature at 6 cm depth under moldboard (R^ = 0.81), chisel plow (R^ = 0.72), and no-till 
(R^ = 0.81) for 1997 and was able to simulate cooler soil temperatures under no-till in early 
spring and consequent delays in emergence. Excellent predictions of soybean phenology and 
biomass accumulation (e.g. R^ = 0.98, 0.97, and 0.95 for pod weight predictions under 
moldboard, chisel plow, and no-till, respectively) were obtained for the three tillage 
treatments in 1997. A sensitivity analysis showed that predicted soybean yield and canopy 
weight were only slightly sensitive to the tillage parameters (less than 3% change with 30% 
change in tillage parameters). The model was sensitive to weather and predicted lower yields 
under no-till for 9 out of 10 years of weather at Ames, lA. During these years, the yield 
penalty for no-till was primarily due to delayed emergence. On the other hand, the yield 
from no-till was higher for one of the years (a drought year) when no-till had better water 
conservation and negligible delays in emergence. 
Introduction 
Tillage practices can significantly influence the soil environment of a crop and can be 
a major factor in determining final yield. With the advent of herbicides, reduced tillage and 
no-till management systems have become an economically viable alternative to conventional 
tillage. The greatest advantage of reduced tillage is the reduction of adverse environmental 
impacts of crop production (e.g. less soil erosion, lower energy requirement). However, a 
major concern among producers is the possible yield penalties associated with reduced tillage 
compared to conventional tillage. In this regard, crop growth models can be useful tools in 
evaluating the impacts of different tillage systems on the growth and final yield of crops. 
Compared to field experimentation, the use of crop models to "experiment" on crop 
responses to a wide range of management and environmental scenarios can give more timely 
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answers to a host of management questions at a fraction of the cost of conducting extensive 
field trials. However, a major barrier to the widespread use of crop models is the lack of 
information required to run the models as well as the complexities of calibrating and 
validating them for different locations. 
The CROPGRO-Soybean model (Hoogenboom et al., 1994) was developed to 
compute growth, development, and yield on homogeneous units (either plot, field, or regional 
scale), and has been demonstrated to adequately simulate soybean growth at the field or 
research plot scale. The model requires inputs including management practices (variety, row 
spacing, plant population, fertilizer and irrigation application dates and amounts) and 
environmental conditions (soil type, daily maximum and minimum temperature, rainfall and 
solar radiation) (Paz et al., 1998). From this information, daily growth of vegetative, 
reproductive, and root components are computed as a function of daily photosynthesis, 
growth stage, and water and nitrogen stress. Soil water and nitrogen balance models are used 
to compute water and nitrate levels in the soil as a flmction of rainfall and soil water holding 
properties. 
CROPGRO-Soybean does not have a comprehensive tillage component that can be 
used to study soybean response to different tillage systems. Therefore, the main objective of 
this study was to incorporate and test a tillage component in CROPGRO-Soybean. The 
specific objectives were to: (1) adapt an existing tillage component for CROPGRO-Soybean, 
(2) collect field data of soybean response under different tillage systems, (3) demonstrate the 
model's functionality in predicting effects of tillage on soybean growth and >ield. 
Procedures 
Tillage Model 
CROPGRO-Soybean accounts for residue incorporation and its effects on the soil 
nutrient balance. However, it does not account for effects of surface residue on the water 
balance and on soil temperature - two important factors significantly affected by tillage and 
residue management. The model also has provisions for the input of tillage date, tillage 
implement, and depth but does not account for changes in soil physical properties (bulk 
density, hydraulic conductivity, porosity, surface residues, soil temperature) caused by 
tillage. Therefore, a more comprehensive tillage model was incorporated into CROPGRO-
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Soybean. The tillage model was developed as a separate module with its subroutines being 
called from within CROPGRO. The only change made to CROPGRO was the addition of 
call statements for the tillage subroutines. 
The tillage model adapted for this study was based on CERES-Till (Dadoim, 1993) -
a model used to predict the influence of crop residue cover and tillage on soil surface 
properties and plant development. CERES-Till was tested for maize and demonstrated the 
ability to simulate differences in soil properties and maize yield under several tillage systems. 
The following paragraphs describe the theory adapted from Dadoun (1993) and pertinent 
modifications made to incorporate it into CROPGRO-Soybean. Table 1 is provided as a 
summary of definitions for all the variables mentioned in the following descriptions of the 
theory. 
Rgsidyg Cpygragg 
During a tillage operation, a certain fraction of the surface residue is incorporated into 
the soil depending on the tillage implement used. The amount of residue remaining on the 
soil surface after tillage is calculated by: 
MULCH = RESAMT* (1.0-RINP/100) (1) 
where MULCH is amount of surface residue remaining (kg ha"'), RESAMT is the amount of 
surface residue before tillage (kg ha''), and RINP is percent of surface residue incorporated 
by the tillage operation. Buckingham and Pauli (1993) give residue incorporation 
percentages after specific field operations. Table 2 shows sample values of RINP for some 
of the more common field operations. The flection of the soil surface covered by the 
remaining residue (FC) is calculated by; 
FC = 1.0 - EXP(-AM • MULCH) (2) 
where AM is the area covered per unit dry weight of residue (ha kg"') and is dependent on 
residue type (e.g. crop, density). The equation is based on the probability of each piece of 
residue falling on a bare soil surface. Dadoun (1993) gives AM values for common crops 
(Table 3). FC is used in subsequent calculations for surface albedo and the effect of rainfall 
kinetic energy on surface soil properties. 
CERES-Till distributes the total residue mass into labile and resistant residue pools 
depending on the C:N ratio and accounts for decomposition within each pool. In this study. 
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residue decomposition was disregarded for simplicity and because residue C:N ratios were 
unknown for the data sets available for model testing. 
Residue thickness is important in determining the reduction of soil evaporation due to 
surface residue. The algorithm for estimating average residue thickness assumes that the 
residues are arranged in layers with the coverage of each layer described by equation 2. The 
mass of residue (XMASSj, kg ha"') overlying an adjacent lower layer i - 1 is the difference 
between the overlying biomass from the previous calculation step (XMASSi-i, kg ha"') and 
the biomass needed to cover the underlying residue layer (Sj.i, ha residue per ha groimd 
surface): 
XMASSi = XMASSm - Si-i / AM. (3) 
The portion of the underlying layer that the remaining biomass would cover (Sj, ha residue 
per ha ground surface) is then calculated: 
S, = Si-i * (1.0 - EXP(-AM » XMASSi / Si-O) (4) 
and the total thickness of the surface residues (MULCHTHICK, cm) is calculated by 
summing the area-weighted thickness of each layer once all of the total residue biomass is 
accounted for: 
MULCHTHICK = J S. * ATHICK (5) 
1=1 
where ATHICK is the average thickness of a residue layer with 100% coverage (cm) and n is 
the number of layers. 
Water Balance EfFects 
The presence of crop residues on the ground affects the soil water balance through 
rainfall interception and reduction in soil evaporation. The maximum amount of water that 
can be retained by crop residues (MULCHSAT, mm) is proportional to the mass of the 
residues. Dadoun (1993) noted that residues were shown to hold water up to 3.8 times their 
weight. The transformation from mass of water to equivalent depth gives: 
MULCHSAT = 3.8 » 10"" * MULCH (6) 
where MULCH is the amount of surface residue remaining after tillage (kg ha"') and 3.8*10"* 
is a factor for converting kg ha ' to mm of water (mm ha kg"'). The amount of precipitation 
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intercq)ted is a function of the amount of water currently held (MULCHSW, mm) and the 
maximum amount that can be retained by the residues: 
NRAIN = RAIN-(MULCHSAT-MULCHSW) (7) 
where NRAIN is the net amount of precipitation reaching the soil surface (mm), and RAIN is 
the total precipitation before interception (mm). All of MULCHSW is assumed to be 
available for evaporation. 
The energy available for soil evaporation (i.e. soil potential evaporation) is budgeted 
for two processes: evaporation of water contained in the residues; and evaporation of water in 
the soil. For evaporation of water in the residues, the soil potential evaporation (EOS, ram) 
is decreased by the amount of water evaporating from the residues and the residue water 
content is updated: 
if EOS < MULCHSWi: MULCHSWf = MULCHSWj - EOSj and EOSf = 0 (8) 
if EOS > MULCHSWj: MULCHSWf = 0 and EOSf = EOSj - MULCHSWj (9) 
where the subscripts i and f designate initial and final values (before and after evaporation 
from residues), respectively. In the second process (evaporation from the soil), surface 
residues that serve as physical barriers fiirther reduce soil potential evaporation. The 
following correlation is used to calculate the decrease (Rcov) in EOS from a surface partially 
covered by residues (relative to bare soil): 
Rcov = 1 - 0.807 * FC (10) 
For higher residue loads which provide a full cover, thickness of the residue layer is used to 
predict the relative decrease in soil evaporation (Rthick): 
R,h,ck = EXP(-0.5 * MULCHTHICK) (11) 
The minimum of the two coefficients is then used to calculate the reduced soil potential 
evaporation: 
EOSf = MIN(Rcov, Ra,ick) * EOS, (12) 
where the subscripts i and f again indicate values before and after reduction due to residue 
barriers, respectively. 
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Soil Properties 
Crop residues on the ground generally increase the surface albedo and can cause the 
temperature of upper soil layers to be cooler than bare soils. Also, the albedo of bare soil 
(SALBEDO) varies with soil volumetric water content: 
SALBEDO = SALB » (1 - 0.45 » FF) (13) 
FF = (SW(1) - LL(1)) / (DUL(l) - LL(1)) (14) 
where SALB is albedo of dry bare soil (fraction), FF is saturation ratio, SW(1) is water 
content of the top 5-cm soil layer (cm^ cm"^), DUL(l) is drained upper limit of the top 5-cm 
soil layer (cm^ cm"^), and LL(1) is the lower limit of plant-available water in the top 5-cm 
soil layer (cm^ cm'^). The aggregate surface albedo (ALBEDO, fraction) is then calculated 
by: 
ALBEDO = CANCOV • 0.23 + FC • (1 - CANCOV) • MULCHALB (15) 
+ (1 - FC) • (1 - CANCOV) • SALBEDO 
CANCOV =1.0- EXP(-0.75 * XHLAI) (16) 
where CANCOV is the fraction of the surface covered by the canopy, XHLAI is the leaf area 
index, and the rest of the variables are as previously defined. 
Effects on Soil Parameters 
Dadoun (1993) modified the soil temperature model of CERES to account for the 
presence of crop residues. In lieu of this, a prototype version of CROPGRO-Soybean 
developed by Andales et al. (1998) that uses an energy balance approach for soil temperature 
predictions was used. The prototype version gave improved soil temperature and emergence 
date predictions during cool, wet weather in early spring and gave better predictions for 
deeper layers compared to the original CROPGRO-Soybean model. 
The four soil properties in the model that vary with tillage are bulk density (g cm"^), 
saturated hydraulic conductivity (cm day"'), SCS runoff curve number, and water content at 
saturation (cm^ cm"^). CERES-Till uses surface ponding capacity (time-to-ponding 
approach) instead of runoff curve number to account for siu^ace roughness variations with 
tillage. In this study, the curve number was used since CROPGRO-Soybean uses it in 
estimating runoff and since the time to ponding method is still under development. Soil 
conditions after tillage are used as input and dynamically changed when precipitation occurs. 
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Only the top 30 cm of soil is assumed to be subject to the dynamic changes in properties. 
However, the actual depth of the changes depends on the tillage implement used and may not 
go as deep as 30 cm. The process of change for bulk density, saturated hydraulic 
conductivity, and curve number follows the same pattern: the parameter changes from an 
initial value to a settled value following an exponential curve that is a function of ciraiulative 
rainfall kinetic energy since the last tillage operation: 
Xvar = Xstl + (Xtill - Xstl) * EXP(-RSTL * SUMKE) (17) 
where Xvar represents the dynamic soil property, Xtill is its value just after a tillage 
operation, Xstl is the settled value of the property, RSTL is the rate of change of the soil 
property (per J cm'^ of rainfall kinetic energy), and SUMKE is the cumulative rainfall kinetic 
energy since the last tillage operation (J cm'^). The rate of change of the soil property 
(RSTL) is assumed to be a function of soil water aggregate stability (AS, 0.0 - 1.0): 
AS = 0.205 • OC(L) (18) 
RSTL = 5.0* (I-AS) (19) 
where OC(L) is the percentage organic carbon content of soil layer L. Aggregate stability is 
a relative concept (i.e. not measurable in absolute terms) that expresses the resistance of 
aggregates to breakdown when subjected to potentially disruptive processes such as 
intermittent rainfall (Hillel, 1982). Equation 18 normalizes the value of aggregate stability 
such that a value of 1.0 represents the greatest stability while a value of 0.0 represents soil 
aggregates that have absolutely no resistance to destructive forces. 
CERES-Till uses a rainfall intensity generator for calculating rainfall kinetic energy. 
However for this smdy, a method of estimating cumulative rainfall kinetic energy from daily 
rainfall totals was deemed more useful. Therefore, a regression relationship was used to 
estimate cumulative rainfall kinetic energy from cumulative precipitation: 
SUMKEt = 0.00217 * GRAIN, (20) 
where SUMKE, is cumulative rainfall kinetic energy from the start of simulation to time t (J 
cm"^) and GRAIN, is cumulative rain from the start of simulation to time t (mm). The 
regression equation was derived from 23 years (1964-1986) of breakpoint rainfall data 
obtained from a rain gage station at Treynor in southwest Iowa. The linear correlation 
between cumulative kinetic energy and cumulative rainfall for this site was 0.993 (Fig. 1). 
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For any day the cumulative kinetic energy since the last tillage operation is then the 
difference between the current value of cumulative kinetic energy (SUMKEt=today) and the 
value at the time of the latest tillage operation (SUMKEt=iast niiagcdate): 
SUMXE = SUMKEt — SUMKEt=|ast tillage date (21) 
This last equation is only valid at the ground surface. The effect of rainfall kinetic energy 
diminishes with depth and with coverage by the crop canopy and crop residues such that: 
SUMKE(L) = (1.0- SOILCOV) • SUMKE * EXP(-0.15 * DEPTH) (22) 
SOELCOV = CANCOV + FC * (1.0 - CANCOV) (23) 
where SIJMKE(L) is the effective kinetic energy for layer L (J cm"'), SOILCOV is the 
fraction of the soil surface covered, SUMKE is the cumulative kinetic energy from equation 
21, and DEPTH is the depth of layer L (cm). 
Every time bulk density changes, the saturation water content for each layer L 
(SAT(L)) is updated using the equation relating porosity and density: 
SAT(L) = 0.85 • (1.0 - BD(L) / 2.66) (24) 
where BD(L) is the bulk density of layer L (g cm'^), soil particle density is assumed to be 
2.66 g cm"^, and only 85% of the total porosity is assumed to be effective (e.g. due to air 
entrapment). 
Effects on Root Growth 
The prototype version of CROPGRO-Soybean used in this study included a soil 
hospitality factor (SHF). The soil hospitality factor is defined as the ability of roots to 
proliferate in a layer (Batchelor and Ritchie, 1998). This is a lumped factor that may be used 
to account for low pH, rocks, hardpans, fertility constraints, etc. that can potentially hinder 
root proliferation in a soil layer. A value of 1.0 may be given for a soil layer that is 
completely conducive to root growth while a value less than l.O may be given to account for 
any soil limitations to root growth. A value of zero represents completely inhospitable 
conditions (e.g. water logging). With regards to tillage, the SHF may be used to account for 
high bulk densities that mechanically impede root penetration into the soil. 
New Inputs 
In addition to the inputs required by CROPGRO-Soybean, the tillage model requires 
a tillage parameter file named 'SOIL.TIL'. This file contains the treatment name (should be 
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identical to the treatment name given in the CROPGRO experiment file), a user-defined 
output filename (used to save the time series values of the tillage parameters), values for AM 
and initial RES AMT, the tillage dates, and values of the tillage parameters (CN2TILL, RINP, 
TDEP, TILLBD, and TILLSWCN) corresponding to each tillage operation. A maximum of 
ten tillage operations may be specified for each treatment and any number of treatments may 
be included in the file. The values of BD, SWCN, and CN2 given in the usual soil file of 
CROPGRO (e.g. SOIL.SOL) are then used as the settled values. Table 4 is a list of 
definitions of the tillage input parameters. 
Model Testing 
A tillage smdy was conducted at the Iowa State University Agronomy and 
Agricultural Engineering Research Center near Ames, LA during the 1997 planting season. 
The soil is predominantly Clarion loam (Fine-loamy, mixed, mesic Typic Hapludolls) with 2 
to 5 percent slope. The experimental plots were arranged according to a randomized 
complete block design with two blocks (i.e. 2 replications) containing three tillage treatments 
(i.e. CP = fall chisel, MB = fall moldboard plow, NT = no-till). Each plot was 30.5 m x 14.5 
m planted to 20 rows of soybean cultivar 'Stine 2250' with 76 cm row spacing. The 
soybeans were planted on 29 April 1997 at a planting density of 494,200 seeds per hectare. 
Table 5 summarizes the field operations performed in the season. 
At the center of each plot, two thermistor cables, each attached to a Stow A way XTI 
temperature logger (Onset Computer Corporation), were installed in the row: one at 6 cm and 
the other at 30 cm depth to monitor soil temperature during the season. Biweekly sampling 
of above-ground biomass and gravimetric soil moisture was done on all plots throughout the 
season. Vegetative and reproductive stages also were recorded at the time of sampling. 
The tillage model was calibrated for each tillage treatment using the 1997 data set. 
The tillage parameters were adjusted to get the best visual fit for soil moisture, soil 
temperature, pod weight, total canopy weight, and final yield. The relative differences 
between soil properties under the 3 tillage treatments were estimated based on a survey of 
experts done by Mankin et al. (1996) regarding quantification of changes in soil physical 
properties fi-om soil and crop management. More importance was given to simulating 
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relative differences in soybean response between tillages than to matching all of the 
observations. 
We tested model sensitivity to weather by running the calibrated model for Ames 
using 10 years of weather data (i.e. 1982-90, 1995). Weather years 1991 to 1994 were 
intentionally skipped due to incomplete weather records for those years. The same tillage 
treatments as in the 1997 calibration were used in the simulations. This was done to examine 
predicted soybean response to various weather scenarios under three different tillage systems. 
The sensitivity of the model to tillage parameters also was evaluated using the 1997 tillage 
data set. Each tillage parameter was changed by 10% and 30% (both positive and negative 
changes) in order to see the effect on predicted final yield. 
Results and Discussion 
Simulation Results 
The field operations performed during the 1997 tillage study are summarized in Table 
5. The fall moldboard and fall chisel plow plots were field cultivated prior to planting while 
the no-till plots were undisturbed. The same tillage operations were applied on all the plots 
after planting. Tables 6 and 7 show the estimated settled and tilled values of the soil 
properties affected by tillage, respectively. Recall that the settled and tilled values of each 
soil property are used in equation 17 to calculate soil dynamics influenced by tillage and 
rainfall kinetic energy. Figures 2 and 3 show the simulated behavior of surface properties 
affected by the tillage operations in 1997. Reductions in surface residue (Fig. 2a) were due 
to residue incorporation at the times of field cultivation (for moldboard and chisel plow 
only), planting (all 3 tillage treatments), and row cultivation (all 3 tillage treatments). 
Predicted changes in bulk density (Fig. 2b), saturated hydraulic conductivity (Fig. 2c), and 
runoff curve number (Fig. 2d) were due to tillage operations or rainfall kinetic energy. The 
behaviors of the surface properties, as depicted by the model, were consistent with general 
expectations described by Mankin et al. (1996). Bulk density of the top soil layer decreased 
after every tillage due to loosening of the soil, while it increased thereafter due to compaction 
brought about by rainfall kinetic energy. Saturated hydraulic conductivity was inversely 
related to bulk density: as bulk density increased, hydraulic conductivity decreased. Also as 
expected, runoff curve number decreased (less runoff) after a tillage operation and gradually 
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increased with the occurrence of rainfall. The decrease in the runoff curve number after 
tillage is analogous to the decrease in surface runoff due to the increased roughness and 
storage capacity of the soil surface. Predicted residue amounts for the three tillage treatments 
were consistent with estimates obtained fix)m residue cover measiu-ements done in late June 
and early July 1997. No field measurements were available to verify the predicted changes 
in bulk density, hydraulic conductivity, and runoff curve number. 
Predicted surface albedo (Fig. 3a) was least for moldboard due to the presence of 
minimal light-colored residues compared to chisel plow and no-till. The values for the three 
tillage treatments converged to 0.23 (albedo of crop canopy) in the middle of the season since 
canopy closure occurred. The reduction in soil evaporation due to surface residue was 
clearly evident under no-till (Fig. 3b) and chisel plow relative to moldboard. Consistent with 
the values of the runoff curve number under the three tillage treatments (Fig. 2d), cumulative 
runoff was greatest under moldboard and least under no-till (Fig. 3c). Figure 4 shows the soil 
water content of the 0-5 cm layer for all three tillage treatments. Most of the differences in 
soil water content between tillage treatments are reflected in the top soil layer. However, the 
water content of the top layer is also the most difficult to predict because of rapid changes 
brought about by infiltration and evapotranspiration. The root mean square error (RMSE) of 
soil water predictions for the 0-5 cm layer was least for chisel plow (RMSE = 0.035), greater 
for no-till (RMSE = 0.047) and greatest for moldboard (RMSE = 0.051). These errors were 
considered acceptable given the transience of water content in the top layer. In fact, the 
predicted soil water contents were within one standard deviation of half of all the measured 
values taken in the season for all tillage treatments. Some possible sources of errors in 
predicted soil water content were inaccurate estimates of: bulk density, water holding 
capacity, hydraulic conductivity, amount of surface residues, and runoff curve number. 
During most of the season, measured soil water content in the top 15-cm was greater in no-
till compared to moldboard and chisel plow. The model predicted the most soil water in no-
till during dry periods in the season compared to moldboard plow and chisel plow (e.g. 
around day 190). This was a direct effect of the presence of more surface residue in no-till, 
which effectively reduced predicted soil evaporation and runoff. 
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The good agreement (R^ = 0.81, 0.72, and 0.81 for MB, CP, and NT, respectively) 
between predicted and measured soil temperatures for the 5-15 cm soil layer (Figs. 5a, 5b, 
5c) under all three tillage treatments provided verification that the model was adequately 
simulating changes in residue cover and consequent changes in surface albedo. Early in the 
season, soil temperature was greatest under moldboard and lowest under no-till (Fig. 5d). 
However, canopy closure towards the middle of the season in all tillage treatments resulted in 
similar amounts of solar energy reaching the soil surface, thus causing the predicted soil 
temperatures to be similar from mid-season onwards. The same is true for the measured soil 
temperatures under the three tillage treatments. The lower soil temperatures under no-till 
early in the season significantly delayed predicted emergence to 21 days after planting 
compared to soybeans planted under moldboard (17 days) and chisel plow (19 days). These 
differences in emergence dates caused part of the differences in predicted soybean growth 
and yield in 1997. 
Biomass accumulation in the canopy for the three tillage treatments is shown in 
Figure 6. For all three treatments, the model matched the first two measurements of canopy 
weights, which indicated that predicted emergence was reasonable. Around mid-season the 
model overpredicted canopy weights primarily due to overestimation of leaf biomass. The 
greatest errors in predictions occurred between day 184 (7/3/97) and day 211 (7/30/97), 
which was a warm period with many days having maximum air temperatures above 30°C. 
The measured canopy weights indicated possible stress during this warm period, especially 
on day 211. The soybeans were beginning to bloom (NT) or were in full bloom (MB and 
CP) on day 184. By day 211, the soybeans in all treatments were beginning seed 
development. This marked the start of rapid seed growth and seed filling; also the start of 
dry weight and nutrient redistribution within the plant to the growing seeds. Observed 
vegetative growth was markedly slower around day 211. On the other hand, the model 
continued to predict rapid vegetative growth at that point. Nevertheless, the overall model fit 
for canopy weight was good (R^ = 0.94, 0.94, and 0.92 for MB, CP, and NT, respectively). 
Predicted canopy weight was greatest under moldboard and least under no-till although the 
differences were most likely insignificant (Fig. 6). 
45 
Figure 7 shows biomass accumulation in the pods. The onset of pod development as 
well as the increase in pod weight was simulated well by the model. The values were 
0.98, 0.97, and 0.95 for moldboard, chisel plow, and no-till, respectively. Predicted total pod 
weight was highest for moldboard and lowest for no-till. The measured average yields were 
4013 kg ha"' for moldboard, 3353 kg ha"' for chisel plow, and 3567 kg ha"' for no-till. The 
measured differences in yield between treatments were not foimd to be significant (F = 6.17 
< Fa=.o5 = 19.00). Predicted yields were 3638 kg ha"' (-9.3% error) for moldboard, 3602 kg 
ha"' (7.4% error) for chisel plow, and 3463 kg ha"' (-2.9% error) for no-till. 
Model Sensitivity 
Figure 8 shows percentage changes in soybean yield versus percentage changes in 
tillage parameters for 1997. A positive percentage change represents an increase while a 
negative percentage change represents a decrease in the parameter. Predicted yield was only 
slightly sensitive to tillage parameters for 1997. Soybean yield was most sensitive to high 
bulk density (TILLED), high residue amount (RESAMT), high area coverage per unit 
residue weight (AM), low residue incorporation (RINP), low soil hospitality factor (SHF), 
and high curve number (CN2TILL). Predicted soybean yield was relatively insensitive to 
saturated hydraulic conductivity (TILLSWCN), and tillage depth (TDEP). 
The sensitivity of predicted canopy weight to tillage parameters is shown in Figiire 9. 
Predicted canopy weight was only slightly sensitive to tillage parameters. In order of 
decreasing sensitivity, canopy weight was most sensitive to low SHF, high TILLED, high 
CN2TILL, high AM, and high RESAMT. Predicted canopy weight was insensitive to RINP, 
TDEP, and TILLSWCN. Calibration of the tillage model for other locations should be 
focused on the most sensitive tillage parameters. 
The tillage model was sensitive to weather and gave varying yields for a given tillage 
treatment for conditions at Ames, I A, depending on temperature and degree of moisture 
stress. The model predicted no water stress for soybeans in all tillage treatments for 6 years: 
1982, 1986, 1987, 1989, 1990, and 1995. On the other hand, the model predicted water 
stress during 1983, 1984, 1985, and 1988. In nine out of the ten years that were simulated at 
Ames, LA, no-till yielded lower than moldboard and chisel plow (Fig. 10). During these 
years, the yield penalty for no-till, and to a lesser degree for chisel plow, was primarily due to 
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delayed emergence ('84/85, '86, '88, '89, and '90; see Table 8) or greater water stress ('83-
'85). Predicted soybean yield for no-till was more than for moldboard or chisel plow only in 
1988, which was a drought year. During this year, no-till had better water conservation and 
negligible delays in emergence due to warm conditions at planting. Thus, soybeans were 
subjected to the least water stress under no-till in 1988. 
Conclusions and Recommendations 
A tillage model was successfully integrated into CROPGRO-Soybean and tested for 
conditions at Ames, lA. Predictions of changes in surface residue, bulk density, hydraulic 
conductivity, runoff curve number, and surface albedo were consistent with expected 
behaviors of these parameters as described in the literature. However, no field measurements 
were available to verify the accuracy of the predicted changes. The tillage model was able to 
show differences in runoff and soil evaporation amounts under different residue covers and 
tillage treatments. The model gave good predictions of soil temperature under moldboard 
(R" = 0.81), chisel plow (R^ = 0.72), and no-till (R^ = 0.81) for 1997. The model was able to 
simulate cooler soil temperatures under no-till in early spring and demonstrated the ability to 
simulate delays in emergence caused by surface residue. Adequate predictions of soybean 
phenology and biomass accumulation (canopy weight and pod weight) were obtained for the 
three tillage treatments in 1997. 
Predicted soybean yield and canopy weight were only slightly sensitive to the tillage 
parameters. Calibration of the tillage model should be focused on adjustment of bulk 
density, residue amount, area coverage per unit residue weight, and percentage residue 
incorporation by a tillage operation. The tillage model was sensitive to weather and gave 
varying yields for a given tillage treatment, depending on temperature and degree of moisture 
stress. In nine out of the ten years that were simulated, no-till yielded lower than moldboard 
and chisel plow. During these years, the yield penalty for no-till was primarily due to 
delayed emergence. On the other hand, the yield from no-till was higher for one of the years 
(a drought year) when no-till had better water conservation and negligible delays in 
emergence. 
Additional data on the changes of surface soil properties throughout the season under 
different tillage treatments are needed to validate the tillage model. Residue decomposition 
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may be included in the model for future simulations. The tillage model used in this study did 
not consider nitrogen and organic matter contributions to the soil from surface crop residues. 
This feature may also be added to improve the predictions of the soil nitrogen balance. 
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Table 1. Definitions of variables in the tillage model 
Variable Definition Units 
ALBEDO aggregate surface albedo of the field surface unitless 
AM area covered per unit dry weight of residue ha kg"' 
AS soil aggregate stability (0-1) unitless 
ATHICK average thickness of a residue layer with 100% cm 
coverage 
BD(L) bulk density of layer L gcm'^ 
CANCOV firaction of the ground surface covered by the unitless 
crop canopy 
GRAIN, cumulative rain from the start of simulation to mm 
timet 
DEPTH depth of layer L cm 
DUL(l) drained upper limit of the top 5-cm soil layer cm^ cm'^ 
EOS soil potential evaporation mm 
FC fraction of soil surface covered by remaining unitless 
residue 
FF saturation ratio unitless 
LL(1) lower limit of plant-available soil water in the cm^ cm'^ 
top 5-cm soil layer 
MULCH amount of surface residue remaining after tillage kg ha"' 
MULCHALB albedo of surface residues unitless 
iMULCHSAT maximum amount of water that can be retained mm 
by surface residues 
MULCHSW amount of water currently held by surface mm 
residues 
MLTLCHTHICK total thickness of the surface residues cm 
NRAIN net amount of precipitation reaching the soil mm 
surface after some is intercepted by surface 
residues 
OC(L) organic carbon content of layer L % mass basis 
RAIN total daily precipitation before interception by mm 
residues 
Rcov reduction factor for soil potential evaporation unitless 
due to partial coverage by residues relative to 
bare soil 
RESAMT amount of residue before tillage kg ha"' 
RINP residue incorporation percentage % 
RSTL rate of change of the dynamic soil property _.__2 T-I cm J 
Rthick reduction factor for soil potential evaporation unitless 
due to the thickness of the residues fiilly 
covering the ground 
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Table 1. (continued) 
Variable Definition Units 
SALB albedo of dry bare soil unitless 
SALBEDO albedo of bare soil unitless 
SAT(L) saturation water content for soil layer L cm^ cm"^ 
Si residue needed to cover the underlying residue ha residue ha"' 
layer i-1 ground surface 
SOILCOV fraction of the soil surface covered by the ha ha"' 
canopy and sxirface residues 
J cm * SUMKE, cumulative rainfall kinetic energy from start of 
simulation to time t 
J cm"' SIJMKE(L) effective kinetic energy for layer L 
SW(1) water content of the top 5-cm soil layer cm^ cm'^ 
XHLAI leaf area index -1 m m 
XMASSj mass of residues in residue layer i kg ha"' 
XstI settled value of the soil property same as units of soil 
property 
Xtill value of the soil property just after a tillage same as imits of soil 
operation property 
Xvar dynamic soil property same as units of soil 
property 
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Table 2. Residue incorporation percentage (RINP) during common field operations (adapted 
fi-om Buckingham and Pauli, 1993) 
Type of Residue 
Operation Non-fiagile Fragile 
PLOWS: 
Moldboaid plow 
Disk plow 
CfflSEL PLOWS with; 
Sweeps 
Straight spike points 
Twisted points or shovels 
COMBINATION CHISEL PLOWS: 
Coulter-chisel plow with: 
Sweeps 
Straight spike points 
Twisted points or shovels 
Disk-chisel plow with: 
Sweeps 
Straight spike points 
Twisted points or shovels 
FIELD CULTIVATORS: (including leveling attachments) 
Field cultivator as primary tillage operation: 
Sweeps 12-30" (30-50 cm) 
Sweeps or shovels 6-12" (15-30 cm) 
Duckfoot points 
Field cultivator as secondary tillage operation: 
Sweeps 12-20" (30-50 cm) wide 
Sweeps or shovels 6-12" (15-30 cm) 
Duckfoot points 
ROW CULTIVATORS: 30" (76 cm) wide rows or wider 
Single sweep per row 
Mutliple sweeps per row 
Finger wheel cultivator 
Rolling disk cultivator 
Ridge-till cultivator 
ROW PLANTERS; 
Conventional planters with: 
Runner openers 
Staggered disk openers 
Double disk openers 
No-till planters with; 
Smooth coulters 
Ripple coulters 
Fluted coulters 
90-100 
80-90 
15-30 
20-40 
30-50 
20-40 
30-50 
40-60 
30-40 
40-50 
50-70 
20-40 
25-65 
40-65 
10-20 
20-30 
30-40 
10-25 
15-25 
25-35 
45-55 
60-80 
5-15 
5-10 
5-15 
5-15 
10-25 
15-35 
95-100 
85-95 
40-50 
40-60 
60-70 
50-60 
60-70 
70-80 
50-70 
60-70 
70-80 
25-45 
30-50 
45-70 
25-40 
40-50 
50-65 
30-45 
35-45 
40-50 
50-60 
75-95 
10-20 
5-15 
15-25 
10-25 
15-30 
20-45 
Non-fragile residues are generally more difficult to incorporate due to their large 
breakage and decomposition (e.g. com, wheat) in contrast to fragile residues that are 
incorporated (e.g. soybeans, peanuts). 
size, greater resistance to 
relatively small and easily 
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Table 3. Values of average mass to area conversion (AM) for residues (from Dadoun, 1993) 
Crop AM' 
(ha kg-') 
Maize 0.00032; 0.00040 (two sources) 
Wheat 0.00054; 0.00045 (two sources) 
Winter wheat stem 0.00027 
Soybean 0.00032 
Grain sorghum stems 0.00006 
Sunflower 0.00020 
'Dadoun (1993) obtained values from various sources. 
Table 4. Definitions of parameters required as inputs in the tillage component 
Parameter Definition Units 
AM average surface coverage of residues (see Table 3) ha kg-' 
CN2TILL(I) SCS curve number immediately after the Ilh tillage unitless 
operation (0 = no runoff; 100 = all precipitation runs off) 
NTILL total number of tillage operations unitless 
RESAMT amount of surface residues at the start of simulation kg ha'' 
RINP(I) residue incorporation percentage during the Ilh tillage % 
operation 
SHF(L)' soil hospitality factor of layer L (0.0 = completely imitless 
inhospitable for roots; 1.0 = completely hospitable for 
roots) 
STLBD(L) settled bulk density of layer L g cm'^ 
STLCN2 settled SCS curve number unitless 
STLSWCN(L) settled saturated hydraulic conductivity of layer L cm day-' 
TDEP(I) depth of the Ith tillage operation cm 
TILLBD(I,L) bulk density of layer L immediately after the Ilh tillage gcm'^ 
operation (layers within 0-30 cm depth only) 
TILLSWCNa,L) saturated hydraulic conductivity of layer L immediately cm day-' 
after the Ilh tillage operation (layers within 0-30 cm depth 
only) 
TYRDOY(I) date of the Ilh tillage operation (e.g. 97135) yydoy 
'specified in the soil input file of CROPGRO 
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Table 5. Field operations performed during the 1997 tillage study 
Date Operation 
4/24/97 Treflan applied 2.72 L/ha 
4/28/97 MB and CP plots field cultivated 
4/29/97 planted Stine 2250; 49 plants/m^ 
6/13/97 all plots cultivated 
6/24/97 all plots cultivated 
9/20/97 yield samples taken 
Table 6. Estimated soil physical properties of Clarion loam under 3 tillage systems in 
1997 at Ames, lA (settled values) 
Soil property' No-till 
Tillage system 
Chisel Plow Moldboard Plow 
STLCN2 72 76 78 
STLBD(l), gcm"^ 1.40 1.30 1.25 
STLBD(2), g cm-^ 1.40 1.40 1.35 
STLBD(3), g cm-^ 1.40 1.40 1.40 
STLSWCN(l), cm day"' 94 108 115 
STLSWCN(2), cm day' 94 94 101 
STLSWCN(3), cm day' 94 94 94 
SHF(l) 0.8 1.0 1.0 
SHF(2) 0.8 1.0 l.O 
SHF(3) 0.8 0.8 0.9 
'See Table 4 for definitions. The index for STLBD. STLSWCN. and SHF indicates the soil layer number: 
layer 1 = 0-5 cm; layer 2 = 5-15 cm; layer 3 = 15-30 cm. 
Table 8. Simulated soybean planting dates and days to emergence using 10 years of weather 
data from Ames, LA under 3 tillage systems 
Year Simulated planting date Predicted Days to Emergence 
Moldboard Chisel Plow No Till 
1982 6/1 9 9 9 
1983 5/12 16 16 16 
1984 5/17 7 8 8 
1985 5/10 9 10 10 
1986 5/21 10 11 11 
1987 5/15 5 5 5 
1988 (Drought) 5/15 5 5 6 
1989 5/15 7 7 8 
1990 5/30 9 9 10 
1995 5/21 13 13 13 
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Table 7. Tillage input parameters used for 3 tillage treatments in 1997 at Ames, lA. 
Parameter' No-till Qiisel Plow Moldboard Plow 
AM, ha kg"' 0.00032 0.00032 0.00032 
NTILL 3 4 4 
RESAMT, kg ha' 3097 2000 877 
Field cultivation (CP and MP only) 
CN2TILL NA^ 72 74 
TDEP, cm NA 12.7 12.7 
RINP, % NA 30 30 
TILLBDai), g cm-^ NA 1.20 1.20 
TILLBD(I,2), g cm'^ NA 1.20 1.20 
TILLBDa,3), g cm-^ NA 1.35 1.35 
TILLSWCNa,!), cm day' NA 122 122 
TILLSWCNa,2), cm day ' NA 122 122 
TILLSWCN(I,3), cm day' NA 101 101 
Planting 
CN2TILL 71 73 75 
TDEP, cm 3.0 3.0 3.0 
RINP, % 10 10 10 
TILLBD(I,1), g cm'^ 1.35 1.21 1.21 
TILLBD(I,2), g cm"^ 1.35 1.21 1.21 
TILLBD(I,3), g cm"^ 1.38 1.35 1.35 
TILLSWCN(I,I), cm day' 101 120 120 
TILLSWCN(I,2), cm day ' 101 120 120 
TILLSWCN(I,3), cm day' 97 101 101 
Row cultivation 
CN2TILL 70 72 74 
TDEP, cm 12.7 12.7 12.7 
RINP,% 15 15 15 
TILLBD(I,1), g cm"^ 1.30 1.20 1.20 
TILLBD(1,2), g cm"^ 1.30 1.20 1.20 
TILLBD(I,3), g cm"^ 1.40 1.35 1.35 
TILLSWCNa, 1), cm day ' 108 122 122 
TILLSWCN(I,2), cm day ' 108 122 122 
TILLSWCNa,3), cm day ' 94 101 101 
See Table 4 for deflnitions. The first index for TILLBD and TILLS WCN indicates the tillage operation 
number while the second index indicates the layer number; layer 1 = 0-5 cm; layer 2 = 5-15 cm; 
layer 3 = 15-30 cm. 
^Settled values for no-till are used instead (see Table 6). 
SUMKE = 0.00217*CRAIN 
= 0.993 
100 200 300 400 500 600 700 800 900 1000 
Cumulative Growing Season Precipitation, CRAIN (mm) 
Figure 1. Linear correlation between cumulative kinetic energy and cumulative precipitation at 
Treynor, lA (1964 - 1986) 
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CHAPTER 4. TESTING A SOYBEAN TILLAGE MODEL IN NORTHEAST IOWA 
A paper to be submitted to Transactions of the AS AE 
A. A. Andales, W. D. Batchelor, and C. E. Anderson 
Abstract: A tillage component incorporated into CROPGRO-Soybean was tested using 
weather and soybean yield data from 1995 to 1997 at Nashua, Iowa. Tillage systems 
considered were no-till, disk-chisel + field cultivator, and moldboard plow + field cultivator. 
Predicted yields for the 1996 calibration year were within 1.3% of the measured yields for all 
three tillage treatments. The tillage model showed differences in predicted soybean yield 
based on the effects of surface residue cover (delayed emergence, intercepted rainfall, and 
reduced soil evaporation) and on soil properties affected by tillage (runoff curve number, 
bulk density, saturated hydraulic conductivity). The model fiuther showed that predicted 
soybean yield was related inversely to water stress. Based on the model validations in 1995 
and 1997, the authors could not conclude that the tillage model was completely valid for 
Nashua since the measured yields showed insignificant differences between tillage 
treatments. However, the model did give adequate yield predictions for the no-till (-0.2% to 
3.9% errors), disk-chisel (5.8% to 6.9% errors), and moldboard (5.5% to 6.1% errors) tillage 
treatments for the two years of validation. This study demonstrated that the tillage model 
could be used for tile-drained locations such as at Nashua. According to the simulations, the 
no-till system had the advantage of better water conservation (less runoff and soil 
evaporation) compared to the disk-chisel and the moldboard plow systems. However, this 
advantage may be offset at times by delayed emergence, less effective rainfall (due to rainfall 
interception by surface residues), lower soil porosity and saturated water content (due to 
higher bulk density), and temporary waterlogging that limits root proliferation. Better water 
conservation with no-till may be more advantageous during drought years and in well-
drained soils. 
Introduction 
A major concern among producers is the possible yield penalties associated with 
reduced tillage compared to conventional tillage. In this regard, crop growth models can be 
useful tools in evaluating the impacts of different tillage systems on the growth and final 
yield of crops. Compared to field experimentation, the use of crop models to "experiment" 
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on crop responses under a wide range of management and environmental scenarios can give 
more timely answers to a host of management questions at a fraction of the cost of 
conducting extensive field trials. 
The CROPGRO-Soybean model (Hoogenboom et al., 1994) was developed to 
compute growth, development, and yield on homogeneous units (either plot, field, or regional 
scale), and has been demonstrated to adequately simulate soybean growth at a field or 
research plot scale. The model requires inputs including management practices (variety, row 
spacing, plant population, fertilizer and irrigation application dates and amounts) and 
envirormiental conditions (soil type, daily maximum and minimum temperature, rainfall and 
solar radiation) (Paz et al., 1998). From this information, daily growth of vegetative, 
reproductive, and root components are computed as a ftmction of daily photosynthesis, 
growth stage, and water and nitrogen stress. Soil moisture and nitrogen balance models are 
used to compute water and nitrate levels in the soil as a fimction of rainfall and soil moisture 
holding properties. 
Andales et al. (1998) incorporated a tillage component into the CROPGRO-Soybean 
model. The model was developed to predict the effects of different tillage systems on the 
growth and yield of soybean under Midwest conditions. The model may also be used to test 
hypotheses regarding the behavior of the soil-water system under various tillage scenarios 
and weather conditions. At present, the model has undergone limited testing in central Iowa. 
Thus there is a need for more extensive testing of the model for other locations. 
The main objective of this study was to further test the CROPGRO-Soybean tillage 
model's ability to predict soybean yield under different tillage systems in the Upper Midwest. 
The specific objectives were to: (1) calibrate the tillage model for northeast Iowa using 1996 
soybean yield data under conventional, reduced-till, and no-till systems; and (2) validate the 
tillage model using 1995 and 1997 soybean yield data from the same tillage systems and the 
same location. 
Procedures 
The Tillage Model 
The tillage component incorporated into CROPGRO-Soybean was based on CERES-
Till (Dadoun, 1993) - a model used to predict the influence of crop residue cover and tillage 
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on soil surface properties and plant development. Andales et al. (1998) showed that the 
model gave reasonable predictions of changes in soil properties with tillage and gave 
excellent soil temperature and soybean phenology predictions for central Iowa conditions. 
The tillage model simulates surface residue incorporation during tillage operations 
and calculates changes in surface albedo and subsequent changes in solar energy receipt of 
the ground surface. Bulk density and saturated hydraulic conductivity of the top 30 cm of 
soil, and runoff curve number are changed during each tillage operation or rainfall event. On 
each tillage date, each of these tillage parameters is assigned a "tilled" value to represent the 
state of the soil immediately after tillage. Subsequent rainfall events change each tillage 
parameter, causing each parameter to exponentially approach a "settled" value as more 
rainfall events occur in the season. The effects of rainfall kinetic energy on the surface soil 
properties diminish with depth. Rainfall interception as well as retardation of soil 
evaporation by surface residues is simulated also. The reader is referred to Andales et al. 
(1998) for a detailed presentation of the equations in the model. The tillage model can thus 
predict the effects of different tillage operations on soil temperature and the soil water 
balance. The linkage between the tillage model and CROPGRO-Soybean enables users to 
predict the effects of tillage practices on soybean growth and yield. 
The prototype version of CROPGRO-Soybean used in this study included a soil 
hospitality factor (SHF). The soil hospitality factor is defined as the ability of roots to 
proliferate in a layer (Batchelor and Ritchie, 1998). This is a lumped factor that may be used 
to account for low pH, rocks, hardpans, fertility constraints, etc. that can potentially hinder 
root proliferation in a soil layer. A value of 1.0 may be given for a soil layer that is 
completely conducive to root growth while a value less than 1.0 may be given to account for 
any soil limitations to root growth. A value of zero represents completely inhospitable 
conditions (e.g. water logging). With regards to tillage, the SHF may be used to account for 
high bulk densities that mechanically impede root penetration into the soil. 
Available Data for Model Testing 
Lundvall et al. (1998) conducted a soybean management study to evaluate soybean 
row spacing and tillage system effects on yield and related parameters in northeast Iowa. 
Three years (1995-1997) of soybean yield data imder three different tillage systems were 
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available from Iowa State University's Northeast Research and Demonstration Center 
(NERC) near Nashua, lA. Planting dates, harvest dates, and final yields from this study were 
used in testing the tillage model (Table 1). Soybean cultivar Asgrow A2242, an early 
maturity group II variety adapted to northern Iowa, was planted at a targeted stand level of 
160,000 plants per acre (40 plants m'^). Default values of genetic coefficients for maturity 
group n early variety provided in CROPGRO-Soybean were used in the simulations. The 
tillage treatments included "no-till" (NT; soybeans planted directly into standing com stalks), 
"reduced-till" (RT; disk chisel followed by field cultivator tillage of com stalks), and 
"conventional-till" (CT; moldboard plow followed by field cultivator tillage of com stalks) 
(Lundvall et al., 1998). The data from the 30-inch row spacing treatments were used for 
model testing. 
The soils at NERC are predominantly Kenyon (fine-loamy, mixed, mesic Typic 
Hapludoll). Singh (1994) has characterized the soil in each tillage system. Average 
measured values of bulk density, saturated hydraulic conductivity, particle size distribution, 
and organic carbon percentages from his study were used in testing the tillage model. Lower 
limit, drained upper limit, and saturated water content values were obtained from Shen et al. 
(1998) for the same location. Since the plots at NERC are drained with tiles installed 120 cm 
deep at 28.5-m spacing (Singh, 1994), the bottom of the soil profile was assigned a very low 
hydraulic conductivity to simulate an impermeable layer that causes the build up of the water 
table. The existence of tile drains was specified in the model following the procedure of 
Shen et al. (1998) with daily tile flow calculated as: 
q  =  H * [ k , / ( d *  1 0 0 ) ]  ( 1 )  
where q is daily tile flow (cm day"'), H is the hydraulic head defined as the total depth of 
continuous soil layers above the tile which are saturated (cm), kt is saturated hydraulic 
conductivity of the tile layer (cm d"'), and d is effective drain spacing (m). 
The soil properties for each tillage system are summarized in Table 2. The values of 
bulk density and saturated hydraulic conductivity for the top 3 soil layers represent the 
"settled" values of these parameters as mentioned in the previous section. Daily solar 
radiation, maximum and minimum air temperature, and precipitation measurements from 
NERC were used also. 
68 
Model Testing and Evaluation 
Planting date, harvest date, and final jdeld were the only available information from 
the field studies. Therefore, hypothetical tillage operations typical of the three tillage 
systems being simulated were specified in the model. These tillage operations were; field 
cultivation before planting (disk chisel and moldboard plow systems only), row planting on 
the actual planting dates, and two post-emergence cultivation operations for weed control (all 
three tillage systems). For the simulations, the field cultivation was done the day before 
planting while the post-emergence cultivation operations were done when soil conditions 
were most likely favorable (e.g. soil was well drained, no recent rainfall 2 days prior to 
cultivation). These tillage operations are summarized in Table 3 for the three years of 
simulations. 
The predicted values of the soil properties (bulk density and hydraulic conductivity of 
the top 30 cm of soil, runoff curve number, percentage of residue incorporated) immediately 
after each tillage operation are given in Table 4. These represent the "tilled" values of the 
parameters as mentioned in the section "The Tillage Model" of this paper. The values of 
bulk density were based on those suggested by Dadoun (1993) for specific tillage operations 
while values of percent residue incorporated were taken from Buckingham and Pauli (1993) 
for different tillage implements. Tilled values of hydraulic conductivity and curve number 
were obtained by calibration. 
The 1996 data set was selected for model calibration since this was the data set that 
had significant differences in yield between tillage treatments. The soybeans in the 1995 
field experiment were damaged by hail. Thus, it was difficult to judge if the measured 
differences were due to tillage treatment or due to nonuniform hail damage. Techniques to 
estimate hail damage were taken fi-om Allen (1996). On the other hand, the 1997 data set did 
not show significant yield differences between tillage systems. The soil hospitality factor, 
saturated hydraulic conductivity of the bottom layer, effective drain spacing, and initial 
residue amount were adjusted during the calibration such that the predicted yield for each 
tillage system approached measured yields for 1996. The calibrated tillage parameters were 
then used to test the model in 1995 and 1997. Predicted yields were compared to measured 
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yields for the three tillage systems to evaluate the ability of the model to predict tillage 
effects on soybean yield. 
Results and Discussion 
The calibrated values of the soil hospitality factor (SHF) are given in Table 2. For 
simplicity, all three tillage treatments were assigned identical SHF values for each layer. The 
SHF values implied that the top 30 cm of soil was most conducive to root proliferation while 
the deeper layers became increasingly inhospitable with depth. Calibrated values of runoff 
curve number, siu^ace residue, and effective drain spacing are summarized in Table 5. The 
calibration suggested that more surface runoff occurred under moldboard plow tillage and 
least runoff under no-till. The runoff curve number was inversely related to initial amount of 
surface residue indicating that the surface residues decrease runoff. The calibrated effective 
drain spacing for no-till and disk-chisel agreed with the actual drain spacing of 28.5 m. 
However, the effective drain spacing for the moldboard treatment (4 m) was only a seventh 
of the actual spacing. 
The yield predictions for the 1996 calibration year are given in Table 6. The 
percentage errors were intentionally made to be the same (-1.3%) for all treatments in order 
to preserve the relative differences in yield between tillage treatments. There were no 
predicted differences in emergence date. Predicted soybean yield was related inversely to 
water stress as shown in Table 6, especially during the period from first seed to physiological 
maturity. Demand for water and nutrients is large throughout the rapid seed-filling period 
when the beans acquire about half of their N, P, and K by redistribution from vegetative plant 
parts, and about half by soil uptake and nodule activity (ISU Cooperative Extension Service, 
1996). Water deficiencies may reduce nutrient availability because roots carmot take up 
nutrients or grow in upper soil areas where the soil dries. Thus, no-till had the lowest yield 
because it experienced the most water stress while moldboard had the highest yield because it 
experienced the least water stress. Although no-till had less runoff and soil evaporation 
(Table 7) compared to disk-chisel and moldboard, less effective rainfall (due to interception 
by surface residues) and more tile flow occurred under no-till. A major factor that 
contributed to greater water stress in no-till was rapid root senescence during periods of 
waterlogging, especially in the deeper layers (60 - 120 cm depth). The faster root 
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senescence under no-till resulted in less total root mass for extracting water dtiring the water 
stress periods that occurred in the seed-filling stage. 
In the 1997 validation, the model predicted the same relative responses as in the field 
experiments. However, we could not conclude that the yield variations were due to tillage 
treatments since the measured yield differences were not statistically significant (Table 1). 
The highest yield was fi-om disk-chisel while the lowest was fi-om no-till. The predicted 
yield differences were due to a combined effect of delayed emergence (no-till and disk-
chisel) and water stress (Table 6). Again, we foimd water stress to be inversely related to 
jaeld. This indicated that the model was responding properly to the water stress. The model 
gave better yield predictions for no-till (3.9% error) than for disk-chisel (6.9% error) and 
moldboard (6.1% error). The water balance predictions in 1997 were similar to those in 
1996 in terms of relative differences between tillage systems. 
The 1995 measured yields were relatively low because of hail damage. In order to 
account for this in the model, we imposed a 67% reduction in leaf mass on July 22 (actual 
date of hail occurrence) for all three tillage treatments while still using the same calibrated 
set of soil parameters obtained from 1996. This assumption generally gave adequate yield 
predictions for all three tillage systems (Table 6). Allen (1996) also used 67% reduction in 
leaf mass on the same date for his simulations of hail damage using soybean data from 
nearby plots. The occurrence of hail damage was a confounding factor that prevented us 
fi-om concluding that the yield differences for this year were due to tillage. Excellent yield 
prediction was achieved for no-till (-0.2% error), which suggested that the calibrated soil 
parameters as well as the simulated hail damage described the actual field conditions very 
well. Acceptable but less accurate yield predictions were obtained for disk-chisel (5.8% 
error) and moldboard (5.5% error). Three possible explanations can be given for this: the 
calibrated soil properties for disk-chisel and moldboard were incorrect; soybeans under disk-
chisel and moldboard treatments incurred more hail damage than was simulated (i.e. > 67% 
reduction in leaf mass); or a combination of both. Again, the predicted yields were inversely 
related to water stress (Table 6). 
In general, the model gave the best yield predictions for no-till (-0.2% to 3.9% errors) 
and less accurate predictions for disk-chisel (-1.3% to 6.9% errors) and moldboard (-1.3% to 
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6.1% errors) for the 1995-1997 simulations. This suggested that the model was calibrated 
better for no-till than for the other two tillage treatments. Based on the model calibration, the 
effects of tillage on the soil water balance and the degree of water stress explain most of the 
variations in yield that may occur under different tillage systems. Delays in emergence, 
especially under no-till, may also explain some of the yield variability especially if planting 
is done during cool periods. Possible stresses due to soil nutrient deficiencies were not 
considered in the simulations. 
Conclusions and Recommendations 
A tillage model incorporated into CROPGRO-Soybean was calibrated for Nashua, lA 
using 1996 soybean yield data. We were able to calibrate the model for no-till, disk-chisel, 
and moldboard tillage systems to come within 1.3% of the measured yields. The tillage 
model showed differences in predicted soybean yield based on the effects of surface residue 
cover (delayed emergence, intercepted rainfall, and reduced soil evaporation) and on surface 
soil properties (runoff curve number, bulk density, saturated hydraulic conductivity) affected 
by tillage. The model further showed that predicted soybean yield was inversely related to 
water stress. Based on the model validations in 1995 and 1997, we could not conclude that 
the tillage model was completely valid for Nashua since the measured yields showed 
insignificant differences between tillage treatments. However, the model did give adequate 
yield predictions for the no-till (-0.2% to 3.9% errors), disk-chisel (5.8% to 6.9% errors), and 
moldboard (5.5% to 6.1% errors) tillage treatments for the two years of validation. This 
study did demonstrate that the tillage model could be used for tile-drained locations such as 
Nashua. 
Based on model predictions, the no-till system had the advantage of better water 
conservation (less runoff and soil evaporation) compared to the disk-chisel and the 
moldboard plow systems. However, this advantage may be offset at times by delayed 
emergence, less effective rainfall (due to rainfall interception by surface residues), less soil 
porosity and saturated water content (due to higher bulk density), and waterlogging that 
limits root proliferation. Better water conservation with no-till may be more advantageous 
during drought years and in well-drained soils. 
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Additional measurement-intensive field studies are needed to comprehensively 
validate the tillage model. This will involve the monitoring of tillage parameters (e.g. bulk 
density, hydraulic conductivity, surface roughness, etc.) and the regular measurement of soil 
moisture (and runoff, and drainage, if possible) and soybean biomass throughout the season. 
The greatest need is for good data sets showing significant differences in jaeld between 
tillage treatments across several years. However, such resource-intensive studies may not be 
warranted given the relative insignificance of tillage effects on yield performance as shown 
in this study. 
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Table 1. Planting dates, harvest dates, and final yields (1995-1997) at Nashua, lA under 
3 tillage systems and 30-inch row spacing (adapted fixsm Lundvall et al., 1998) 
Dates 1995 1996 1997 
Planting date May 25 May 22 May 22 
Harvest date October 13 October 7 October 4 
Tillage system Average yield"* (kg ha"') 
No till 2404 3529° 2844 
Disk-chisel + FC' 2281 3571"" 2873 
Moldboard plow + FC 2240 3688'' 2849 
LSD^ (P = 0.05) 
-ns- .. 
NS^ 129 NS 
"least significant difference 
^Within columns, yield mean differences are not statistically significant (P = 0.05). 
•"Within columns, yield means followed by the same letter are statistically similar (P = 0.05). 
Table 3. Estimated dates of tillage operations from 1995-1997 at Nashua, lA 
Tillage operation 1995 1996 1997 
Field cultivation (except no till) May 24 May 21 May 21 
Planting (actual) May 25 May 22 May 22 
Cultivation June 13 June 13 June 13 
Cultivation June 23 Jime 29 June 27 
Table 4. Predicted values of surface soil properties immediately after tillage 
Tillage Soil layer, cm Runoff Curve Number' RINP^ 
Operation 0-5 5-15 15-30 NT CP MP (%) 
Field cultivation^ NA 72 74 30 
BD"*. g cm"' 1.20 1.20 1.35 
Ksat'\ cm day"' 130 130 125 
Planting 71 73 75 10 
BD, g cm""' 1.25 1.25 1.50 
Ksat, cm day"' 120 120 125 
Row cultivation 70 72 74 15 
BD, g cm"^ 1.20 1.20 1.35 
Ksat, cm day"' 130 130 125 
'SCS curve numbers for no till (NT), disk-chisel (CP), and moldboard plow (MP) 
"residue incorporation percentage 
^Only for MP and CP. The settled value of curve number is used for NT (see Table 5). 
•*bulk density 
^saturated hydraulic conductivity 
Table 5. Calibrated soil properties for each tillage treatment used in all simulation years. 
Tillage system 
Soil property No-tiU Disk-chisel Moldboard 
SCS Curve Number' 72.0 76.0 78.0 
Surface residue', kg ha ' 2960.0 2425.0 856.0 
Effective drain spacing, m 
• 1  ^ ... J : ? . —•: 
26.0 28.5 4.0 
'Senled value for each tillage system; "Assumed amount at the start of simulation (i.e. Jan. 1) 
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Table 2. Soil physical properties of Kenyon under 3 tillage systems in Nashua, lA. 
Tillage system Depth of layer bottom, cm 
No till 5 15 30 60 90 120 150 180 
LL', cm cm"' 0.134 0.134 0.154 0.185 0.170 0.090 0.090 0.090 
DUL'. cm cm ' 0.344 0.344 0.344 0.335 0.315 0.210 0.210 0.210 
SAT^, cm cm"' 0.42 0.42 0.41 0.41 0.33 0.28 0.28 0.28 
Bulk density^, g cm'^ 1.49 1.49 1.51 1.51 1.71 1.87 1.87 1.87 
K^', cm day"' 363 363 380 380 63 41 41 0.001 
Sand-, % 36.5 36.5 40.9 40.9 43.5 44.4 44.4 NA 
Silt^, % 42.0 42.0 33.5 33.5 27.5 30.6 30.6 NA 
Clay^ % 21.5 21.5 25.6 25.6 29.0 25.0 25.0 NA 
Organic Carbon", % 2.0 2.0 0.6 0.6 0.2 0.2 0.2 NA 
SHF*, 0.0-1.0 1.0 1.0 1.0 0.8 0.8 0.7 0.6 0.2 
Disk-chisel 
LL, cm cm ' 0.134 0.134 0.154 0.185 0.170 0.090 0.090 0.090 
DUL, cm cm ' 0.344 0.344 0.344 0.335 0.315 0.210 0.210 0.210 
SAT, cm cm"' 0.47 0.47 0.40 0.40 0.33 0.26 0.26 0.26 
Bulk density, g cm"' 1.36 1.36 1.55 1.55 1.72 1.94 1.94 1.94 
Kai, cm day"' 95 95 95 95 73 50 50 0.001 
Sand, % 36.5 36.5 40.9 40.9 43.5 44.4 44.4 NA 
Silt, % 42.0 42.0 33.5 33.5 27.5 30.6 30.6 NA 
Clay, % 21.5 21.5 25.6 25.6 29.0 25.0 25.0 NA 
Organic Carbon, % 2.0 2.0 0.6 0.6 0.2 0.2 0.2 NA 
SHF, 0.0-1.0 I.O 1.0 1.0 0.8 0.8 0.7 0.6 0.2 
Moldboard plow 
LL. cm cm ' 0.134 0.134 0.154 0.185 0.170 0.090 0.090 0.090 
DUL. cm cm"' 0.344 0.344 0.344 0.335 0.315 0.210 0.210 0.210 
SAT. cm cm"' 0.48 0.48 0.38 0.38 0.32 0.28 0.28 0.28 
Bulk density, g cm"^ 1.33 1.33 1.58 1.58 1.76 1.87 1.87 1.87 
Ksa„ cm day"' 122 122 122 122 30 25 25 0.001 
Sand, % 36.5 36.5 40.9 40.9 43.5 44.4 44.4 NA 
Silt, % 42.0 42.0 33.5 33.5 27.5 30.6 30.6 NA 
Clay. % 21.5 21.5 25.6 25.6 29.0 25.0 25.0 NA 
Organic Carbon, % 2.0 2.0 0.6 0.6 0.2 0.2 0.2 NA 
SHF*. 0.0-1.0 1.0 1.0 1.0 0.8 0.8 0.7 0.6 0.2 
lower limit (LL) and drained upper limit (DUL) adapted from Shen et al. (1998) 
"bulk density, saturated hydraulic conductivity (K^), particle size distribution and organic carbon content 
adapted from Singh (1994) 
'samrated water content calculated from bulk density (BD): SAT = (1 - BD/2.65)*0.95 where 2.65 g cm'^ is the 
assumed soil particle density and only 95% of total porosity is assumed effective (due to air entrapment) 
^soil hospitality factor (1.0 if totally hospitable for roots; 0.0 if totally inhospitable for roots); calibrated 
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Table 6. Results of the tillage model simulations for 1995-1997 at Nashua, lA 
Measured Model predictions 
Tillage system Yield Yield' Emergence'' Water stress"* 
(kg ha"') (kg ha"') (days) (0 -1)  
1995 (Validation) 
No till 2404 2400 (-0.2) 10 0.169 
Disk-chisel 2281 2413 (5.8) 9 0.164 
Moldboard 2240 2363 (5.5) 9 0.171 
1996 (Calibration) 
No till 3529 3484 (-1-3) 15 0.134 
Disk-chisel 3571 3524 (-1.3) 15 0.123 
Moldboard 3688 3641 (-1.3) 15 0.063 
1997 (Validation) 
No till 2844 2954 (3.9) 12 0.104 
Disk-chisel 2873 3072 (6.9) 11 0.076 
Moldboard 2849 3024 (6.1) 10 0.077 
'Values in parentheses are percent errors. 
"Days from planting to emergence 
^First seed to physiological maturity; 0.0 = minimum stress, 1.0 = maximimi stress 
Table 7. Seasonal water balance predictions for 1995-1997 at Nashua, lA 
Component (mm) N'o-till Disk-chisel Moldboard 
1995 (Validation) 
Precipitation 832 832 832 
Effective rainfall' 764 781 811 
Runoff 19 28 36 
Soil evaporation 243 282 350 
Transpiration 246 237 221 
Tile flow 27 26 23 
Drainage 3 3 3 
1996 (Calibration) 
Precipitation 599 599 599 
Effective rainfall' 536 554 582 
Runoff 10 16 21 
Soil evaporation 210 245 298 
Transpiration 302 295 287 
Tile flow 17 16 15 
Drainage 3 3 3 
1997 (Validation) 
Effective rainfall' 656 678 706 
Precipitation 722 722 722 
Runoff 9 16 23 
Soil evaporation 222 260 319 
Transpiration 284 281 262 
Tile flow 15 13 11 
Drainage 3 3 3 
'Rainfall minus interception by surface residue 
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CHAPTER S. GENERAL CONCLUSIONS 
The following are the major conclusions fixim this study: 
1. An energy balance-based soil temperature model was integrated into CROPGRO-
Soybean and was compared to the original soil temperature model, which was driven 
primarily by air temperature. The new model gave an 8.6% higher R" (0.88 and 0.81 for new 
and old models, respectively) and 20.6% lower RMSE at 10 cm depth (2.7°C and 3.4°C for 
new and old models, respectively) under bare soil conditions for 5 years of validation. The 
new model gave excellent predictions of emergence, with an average error of 0.6 day for the 
8 weekly emergence experiments performed m the spring of 1998. The old model had an 
average error of 1 day. Under cool conditions, the new model gave more accurate 
predictions of emergence dates. However, under warm periods, both models typically gave 
the same accuracy, and were within about 1 day of the measured emergence date. 
2. A simple and mechanistic tillage component was incorporated into CROPGRO-
Soybean and tested for conditions at Ames, lA. The model gave good predictions of soil 
temperature at 6 cm depth under moldboard (R^ = 0.81), chisel plow (R" = 0.72), and no-till 
(R" = 0.81) for 1997. The model was able to simulate cooler soil temperatures under no-till 
in early spring and demonstrated the ability to simulate delays in emergence caused by 
surface residue. Excellent predictions of soybean phenology and biomass accumulation (e.g. 
R" = 0.98, 0.97, and 0.95 for pod weight predictions under moldboard, chisel plow, and no-
till, respectively) were obtained for the three tillage treatments in 1997. A sensitivity 
analysis showed that predicted soybean yield and canopy weight were only slightly sensitive 
to the tillage parameters (less than 3% change with 30% change in tillage parameters). The 
model was sensitive to weather and predicted lower yields under no-till for 9 out of 10 years 
of weather at Ames, lA. During these years, the yield penalty for no-till was due primarily to 
delayed emergence. On the other hand, the yield ftom no-till was higher for one of the years 
(a drought year) when no-till had better water conservation and negligible delays in 
emergence. 
3. The tillage model was tested using 3 years (1995-1997) of weather and soybean 
yield data from Nashua, Iowa. Predicted yields for the 1996 calibration year were within 
1.3% of the measured yields for all three tillage treatments. The tillage model showed 
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differences in predicted soybean yield based on the effects of surface residue cover (delayed 
emergence, intercepted rainfall, and reduced soil evaporation) and on soil properties affected 
by tillage (runoff curve number, bulk density, saturated hydraulic conductivity). The model 
further showed that predicted soybean yield was related inversely to water stress. Based on 
the model validations in 1995 and 1997, we could not conclude that the tillage model was 
completely valid for Nashua because measured yields showed insignificant differences 
between tillage treatments. According to the simulations, the no-till system had the 
advantage of better water conservation (less runoff and soil evaporation) compared to the 
disk-chisel and the moldboard plow systems. However, this advantage may be offset at times 
by delayed emergence, less effective rainfall (due to rainfall interception by surface 
residues), lower soil porosity and saturated water content (due to higher bulk density), and 
temporary waterlogging that limits root proliferation. Better water conservation with no-till 
may be more advantageous during drought years and in well-drained soils. 
4. The tillage component integrated into CROPGRO-Soybean promises to be a useful 
decision support tool in predicting environmental and soybean responses to different tillage 
systems at various locations in the Upper Midwest. However, more field data on soybean 
growth, changes in soil physical properties, and soil water balance are needed for a more 
comprehensive evaluation of the model's performance. 
Recommendations for Future Research 
As mentioned in the general conclusions, the model tests done in this study showed 
that the predicted effects of tillage on soil properties and soybean yield are inconclusive 
because majority of the measured differences in yield used in testing the model was not 
statistically significant. This is primarily due to the absence of good tillage data sets 
especially for drought years. The theory in the model indicates that soybean yields will be 
higher under no-till during drought years due to better water conservation. Therefore, data 
on soybean yield response under different tillage systems in drought years are needed to test 
this hypothesis. 
The soil temperature component used in this study accounted only for conductive heat 
flow. There is a need to include heat flow by convection to improve soil temperature 
predictions during infiltration and percolation events. With regards to soybean emergence, a 
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soil crust that may form after heavy rain acts as a physical barrier that mechanically impedes 
emergence. Thus, it is recommended that this phenomenon be included in future 
developments of the model. 
The tillage model used in this study did not account for residue decomposition and 
residue contributions to soil organic matter and soil nitrogen. Including this in the model 
would give more accurate predictions of the residue dynamics at the soil surface. 
Differences in the degree of pest and disease infestation between tillage systems must also be 
considered in the future. 
Finally, a water balance subroutine that is more complex than the SCS runoff curve 
number-based method in the current model would most likely improve the soil water balance 
predictions, especially for the top soil layers. Surface roughness, depressional surface 
storage, macropore flow, and surface crusting and cracking must all be included in order that 
the tillage model can give better predictions of the soil water balance and its influence on 
soybean growth. 
80 
APPENDIX A. FORTRAN SOURCE CODE FOR THE SOIL TEMPERATURE 
COMPONENT 
NOTE; The original source code came from the Pesticide Root Zone Model (PRZM) version 
2 (Mullins, J. A., R. F. Carsel, J. E. Scarbrough, and A. M. Ivery. 1993. PRZM-2, A 
model for predicting pesticide fate in the crop root and unsaturated soil zones: Users 
Manual for Release 2.0. U.S. EPA, Athens, GA). Modifications were made to the 
code to adapt it for CROPGRO-Soybean. 
STOROXrriNE SIiTEMP (NLAYR, SAT, CLAY, SILT, STONES, OC, BD, LL, DUL, SW, ST, 
1 CANHT, WINDHT, WINDSP, ES, SRAD, DLAYR, TAVG. ALBEDO, 
2 DOy,CUMDPT,TAV,TAMP, ISOILT,Z,SALB,XHLAI) 
C 
C + + + PURPOSE + + + 
C Calculates the soil temperature profile using 
C air temperatures, solar radiation, surface albedo, wind velocity, 
C evaporation, soil water content, and soil physical properties as 
C input data. This procedure is based on the methods of 
C Thibodeaux (1979); 
C Van Bavel and Hillel (1975) ; de Vries (1963); 
C and Hanks et al. (1971). 
C Modification date: 2/14/92 JAM 
C 11/12/97 A. Andales (Adapted for use w/ CROPGRO) 
C + + + VARIABLE DEFINITIONS + + + 
C NOTE: A comprehensive list of variable definitions for the original 
C PRZM code is given by Mullins et al. (1993). The variables 
C listed below are those associated with CROPGRO-Soybean. 
C NLAYR - number of soil compartments 
C SAT - Soil compartment water content at saturation, cm*3/cm^3 
C CLAY - Percent clay in each soil compartment 
C SAND - Percent sand in each soil compartment 
C OC - Percent organic carbon in each soil compartment 
C BD - Mineral soil bulk density, gm/cm''3 
C LL - Water content lower limit, cm^S/cm^S 
C DUL - Water content drained upper limit, cm'"3/cm'^3 
C SW - Water content of each soil compartment, cm''3/cm'"3 
C ST - Temperature of each soil compartment, C 
C CANHT - Canopy height, m 
C WINDHT - Wind speed measurement height, m 
C WINDSP - Wind speed, km/day 
C ES - Daily soil evaporation, ram/day 
C EMMISS - Infrared emissivity of soil surface, fraction 
C SRAD - Solar radiation, MJ/m''2/day 
C DLAYR - Soil compartment thickness, cm 
C TAVG - mean air temperature for the day, C 
C LBTEMP - Daily value of bottom boundary temperature, C 
C ALBEDO - Composite albedo of surface, fraction 
C SALB - bare soil surface albedo, fraction 
C DIFFCO - thermal diffusivity of the soil layer, cm'"2/day 
C + + + PARAMETERS + + + 
C 
INTEGER NCMPTS, NCMPP2 
C 
PARAMETER (NCMPTS=100) 
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c 
C NCMPTS - number of przm compartments 
C 
C the dimension for 'NCMPTS' must be at least one number larger 
C than the number of compartments that are being simulated. 
C 
PARAMETER (NCMPP2=NCMPTS+2) 
C 
C 
C + + + LOCAL VARIABLES + + + 
C 
INTEGER I, J, K,L,N,NUMDYS,DOY 
REAL AIRDEN, Z 0 , D, ZCH, HTC, QCl, QEVF, QLWl, QLW2 , QSWR, 
1 QGHF,TEMPK,STK, FX1,FX2,DELTA, AAA, BBS, 
2 THKLYl 
REAL XVOL (5 , NCMPTS) , VOLCOR, LBTEMP, 
1 DIFFCO (NCMPTS) ,ALAMDA(0:5) , GEE (5, 3) ,AKAY(5) , 
2 THZER0(2) , GFLD, SIGMAO , SIGMAl, SIGMA2 , VAPLMD, AIRLMD, 
3 TA(NCMPTS),TB(NCMPTS),TC{NCMPTS),TF(NCMPTS) 
C ADDED 11/7/97 BY ALLAN ANDALES 
INTEGER NLAYR 
REAL SAT(20) , CLAY(20) ,SAND(20),OC{20) ,BD(20) ,LL(20) , 
1 DUL(20) ,SW(20) ,ST(20) ,DLAYR(20) ,THCOND(20) , 
2 VHTCAP(20) ,CANHT,WINDHT,WINDSP,ES,EMMISS,SRAD, 
3 TAVG,ALBEDO,SILT (20) ,STONES(20) ,WDIFFCO,ADIFFCO, 
4 CUMDPT,DD,TAV,TAMP,Z(20) ,SALB,XHLAI 
C 
C + + + INTRINSICS + + + 
C 
INTRINSIC ABS 
C 
C + + + EXTERNALS + + + 
C 
EXTERNAL TRDIAl 
C 
C + + + DATA INITIALIZATIONS + + + 
C 
DATA GEE(1,1),GEE(1,2),GEE(1.3)/2*0.125,0.750/ 
DATA GEE(2,1),GEE(2,2),GEE(2,3)/2*0.125,0.750/ 
DATA GEE(3,1),GEE(3,2),GEE(3,3)/2*0.5,0.0/ 
DATA GEE(4,1),GEE(4,2),GEE(4,3)/3*0.333/ 
DATA ALAMDA/122.7,1762.6,604.8,51.8,122.7,5.3/ 
DATA VAPLMD/15.2/ 
DATA EMMISS/0.95/ 
C DATA LBTEMP/90*0.0,2.7 8,3.33,4*3.89,2*4.44,7*3.8 9,4.44,5.0,2*5.56, 
C 1 6*6.11,6.67,8.89,6.67,5*7.22,2*7.78,8.33,5*8.89, 
C 2 2*9.44,10.0,4*10.56,2*11.11,9*11.67,10*12.22,6*12.78, 
C 3 4*13.33,7*13.89,4*14.44,3*15.0,3*15.56,2*16.11,16.67, 
C 4 16.11,6*16.67,4*17.22,4*17.78,18.33,17.78,6*18.33, 
C 5 22*18.89,3*19.44,18.89,2*19.44,12*18.89,3*18.33, 
C 6 4*18.89,3*18.33,2*17.78,6*17.22,15*16.67,16.11, 
C 7 6*15.56,2*15.0,3*14.44,4*13.89,3*13.33,6*0.0/ 
C 
C + + + END SPECIFICATIONS + + + 
C 
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AIRLMD = 5.3 
This portion of the routine estimates the Thermal Diffusivity of 
soil compartment as the soil water content changes with time and 
depth, using the procedure of de Vries (1963). 
DO 100 L =l,nlayr 
The vol fractions of sand, clay, and OM are adjusted so that their 
total value equals to (1-porosity) 
Estimate the sand fraction using the percentages of the other 
components. 
A. Andales 1/26/98 
SAND(L) = 100 - (CliAY(L) + SILT(L) + STONES (L) ) 
VOLCOR= {1.0-sat (L) ) / ( {SAND(L) /2 .65+CLAY(L) /2 .65 + 
1 OC(L)*1.724/1.3)*BD(L)) 
Conversion of Wt percents of soil constituents to vol fractions 
XV0L(1,L) = SAND(L)*BD{L)/2.65*VOLCOR 
XV0L(3,L) = OC(L)*1.724*BD(L)/1.30*VOLCOR 
XV0L(2,L) = l.O-sat(L)-XV0L(1,L)-XVOL(3,L) 
Defining water content and air in the soil pores 
XV0L(4,L) = SW(L) 
IF(SW{L) .LT. LL(L))XVOL(4,L)=LL(L) 
IF(SW(L) .GT. sat(L))XVOL(4,L)=sat (L) 
XV0L(5,L) = sat(L) - XV0L(4,L) 
Estimation of 'G' parameter when W.C is greater than F.C. 
IF (XV0L(4,L) .GT. DUL(L))THEN 
GEE(5,1) = 0.333 - XVOL(5,L)/sat (L) * (0.333-0.035) 
AIiAMDA(5) = AIRLMD + VAPLMD 
Estimation of 'G' parameter when water content is less than F.C. 
ELSE 
GFLD = 0.333 - {sat(L)-DUL(L))/sat (L) * (0.333-0.035) 
GEE(5,1) = 0.013 + XV0L(4,L)/DUL(L)*{GFLD-0.013) 
ALAMDA(5) = AIRLMD + XVOL (4 , L)/DXJL (L) *VAPLMD 
END IF 
GEE(5,2)=GEE(5,1) 
GEE(5,3)=1.-2*GEE(5, 1) 
ALAMDA(O) = ALAMDA(4) 
Estimation of thermal conductivity 
K = 0 
K = K+1 
SIGMAl =0.0 
SIGMA2 =0.0 
DO 20 I = 1,5 
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SIGMAO =0.0 
C 
C Estimation of 'K' parameter 
C 
DO 30 J = 1, 3 
SIGMAO = SIGMAO+1./(1.+ {ALAMDA(I)/AIiAMDA(O)-1. ) •GEE (I, J) ) 
3 0 CONTINUE 
AKAY(I) = SIGMAO/3. 
SIGMAl = SIGMAl + AKAY (I) *XVOL (I, L) *ALAMDA (I) 
SIGMA2 = SIGMA2 + AKAY(I) *XVOL (I, L) 
2 0 CONTINUE 
C 
C Thermal Conductivity in cal/cm-day-C 
C 
THZERO(K) =SIGMA1/SIGMA2 
IF (SW(L) .LT. LL(L) .AND. K .LT. 2)THEN 
XV0L{4,L) =0.0 
XV0L(5,L) = sat(L) 
AIiAMDA{5) = AIRLMD 
ALAMDA(O) = AIiAMDA(5) 
GOTO 10 
END IF 
C 
C Interpolation of thermal cond. when W.C. is less than 
C critical point 
C 
IF (SW(L) .LT. LL(Ii))THEN 
THZER0(2) = 1.25*THZERO(2) 
THCOND(L)=THZER0(2)+SW(L)/LL(L)*(THZERO(l)-THZERO(2)) 
ELSE 
THCOND(L)=THZERO(1) 
END IF 
C 
C Volumetric Heat Capacity of the soil layer, cal/cm3-C 
C 
VHTCAP(L)=0.46*(XVOL(1,L)+XVOL(2,L)) + 0.6«XV0L(3,L) + SW(L) 
C 
100 CONTINUE 
110 CONTINUE 
C 
DO 120 L = 1, nlayr 
C 
C Diffusion coefficient, cm2/day 
C 
DIFFCO(L) = THCOND(L)/VHTCAP(L) 
120 CONTINUE 
C 
C Calculate average diffusion coefficient (thermal diffusivity) of 
C the entire soil profile in cm''2/day using a similar approach used in 
C calculating average hydraulic conductivity in soils. 
C A. Andales 1/11/98 
C 
WDIFFCO =0.0 
ADIFFCO =0.0 
DO L = 1, nlayr 
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WDIFFCO = DLAyR(L)/DIFFCO(L) 
ADIFFCO = ADIFFCO + WDIFFCO 
END DO 
ADIFFCO = (CUMDPT/10.0)/ADIFFCO 
C 
C Calculate the soil temperature damping depth (DD, mm) using eq'n. 
C from Introduction to Soil Physics (Hillel,1982) . 
C A. Andales 12/22/97 
C 
DD = (2*ADIFFCO/0.0172)**0.5*10.0 
C 
C Estimate lower boundary soil temperature. A. Andales 12/22/97 
C 
C TO = TAV + TAMP/2*COS{0.0172*(DOY - 200)) 
C LBTEMP = TAV + (TAMP/2*COS (0.0174*(DOY-200) ) + UBT - TO) 
C 1 *EXP(-Z(NLAYR)/DD) 
C 
C Use equation from Hillel (1982). A. Andales 1/11/98 
C 
LBTEMP = TAV + TAMP*(COS(0.0172*(DOY-200) - CUMDPT/DD))/ 
1 EXP(CUMDPT/DD) 
C 
C Initialize the soil temperature of each soil layer. 
C Allan A. Andales 1/16/98 
C 
IF (ISOILT -EQ. 1) THEK 
ST(1) = TAVG 
DO I = 2, NLAYR 
ST(I) = TAV + TAMP*(COS(0.0172*(DOY-200) - Z(I)/DD))/ 
1 EXP(Z(I)/DD) 
END DO 
ISOILT = 0 
END IF 
C 
C This portion of the subroutine estimates the Upper 
C Boundary Temperature using Energy-Balance at the air/soil 
C interface. The fourth order equation in terms of soil surface 
C temperature is solved by Newton-Raphson method for upper 
C boundary temperature. 
C 
C Air Density(from Thibodeaux) , gm/cm3 
C 
AIRDEN = (-0.0042*TAVG +1.292)*1.E-3 
ZCH = CANHT*100/100. 
C 
C If the crop height is less than 5 cm, the roughness height 
C is set equal 0.006605m (at 5 cm crop height) 
C 
IF(CANHT*100 .LT. 5.0)THEN 
ZO = 0.006605 
D = 0.0 
ELSE 
C 
C Zero displacement height, m 
C 
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D = 10.**(0.9793*LOG10(ZCH)-0.1536) 
C 
C Roughness Height, m 
C 
ZO = 10.**(0.997*LOG10(ZCH)-0.883) 
END IF 
C 
C Heat Transfer coefficient at air-surface interface, cm/day 
C Wind speed in cm/sec 
C 
HTC = 0.1681*WINDSP*1.157*86400/((LOG((WINDHT-D)/ZO) ) **2) 
C 
C Sensible air Heat Flux term, cal/cm2-K-day 
C 
QC1= AIRDEN*0.2402*HTC 
C 
C Evaporation heat flux term, cal/cm2-day, EVAP in cm/day 
C 
QEVF = 580.*ES/10*1.0 
C 
C Atmospheric Longwave radiation component term, cal/cm2-K-day 
C 
TEMPK = TAVG + 273.18 
QLWl = EMMISS*0.936E-5*(TEMPK**2)*11.7E-8 
C 
C Longwave radiation component emitted by the soil 
C term, cal/cm2-K-day 
C 
QLW2 = EMMISS*11.7E-8 
C 
C Short Wave radiation term, cal/cm2-day 
C 
QSWR = (1.- ALBEDO)*SRAD*23.87 
C 
C Calculation of Soil Heat flux term, cal/cm-C-day 
C Estimation of average temp gradient in the top 5cm of soil 
C 
N = 1 
THKLYl = DLAYR(l) 
AAA = 1.0/DLAYR(1) 
BBB = (ST(1) + 2 73.18)/DLAYR(l) 
3 5 IF(THKLYl .LT. 5.0) THEN 
N = N +1 
THKLYl = THKLYl + DLAYR(N) 
BBB = BBB + (ST(N) - ST(N-1))/DLAYR(N) 
GOTO 3 5 
ENDIF 
AAA = AAA/N 
BBB = BBB/N 
QGHF= THCOND(l) 
C 
C Initializing the soil surface temperature 
C 
STK = TEMPK 
DELTA =0.0 
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Newton-Raphson method to solve the 4th order equation for UBT 
STK = STK - DELTA 
PXl = STK*«4 + (QCl + QGHF*AAA)/QLW2*STK - (QLW1*TEMPK**4. - QEVF 
1 + QC1*TEMPK + QSWR + QGHF*BBB)/QIiW2 
FX2 = 4.*STK**3 + (QCl + QGHF*AAA)/QLW2 
DELTA = PX1/FX2 
Convergence criteria, 0.1 deg C 
IF(ABS(DELTA) .GT. 0.1)GOT0 40 
UBT = STK - 273.18 
This portion of the routine simulates the Soil Temperature Profile 
when Upper Boundary, Bottom Boundary, and Initial temperatures are 
provided. Top Boundary Layer: 
TA(1)=0.0 
TC (1) = - (DIFFCO(l) +DIFFC0(2) ) *.5/ (DLAYRd) * (DLAYR(l) +DLAyR(2) ) *0 .5) 
TB (1) =1.0+DIFFCO(1) / (DLAYRd) **2) -TC(1) 
TF(1)=ST(1)+DIFFC0(1)/(DLAYR(l)**2)*UBT 
Non Boundary Layer: 
DO 5 0 1= 2, nlayr-1 
TA(I) = - (DIFFCO (I-1)+DIFFCO (I) ) *0.5/(DLAYRd) * (DLAYRd) + 
DLAYRd-1) ) *0.5) 
TCd) = - (DIFFCO (I)+DIFFC0(I+1) ) *0 .5/(DLAYRd) * (DLAYRd) + 
DLAYRd + 1) ) *0.5) 
TBd) = 1.0 - (TA(I}+TCd)) 
TFd) = STd) 
CONTINUE 
Bottom Boundary Layer: 
TA(nlayr) = - (DIFFCO(nlayr-1)+DIFFCO(nlayr) )*0.5/ 
(DLAyR(nlayr) • (DLAYR(nlayr) +DLAYR (nlayr-1) ) *0 .5) 
1.0 -TA(nlayr)+DIFFCO (nlayr)/(DLAYR(nlayr)**2) 
0 . 0  
TF(nlayr) =ST(nlayr)+DIFFCO(nlayr)/(DLAYR(nlayr) **2)* 
LBTEMP 
TB(nlayr) = 
TC(nlayr) = 
CALL TRDIAl (TA,TB,TC, ST, TF, nlayr) 
RETURN 
END 
SDBROUTINB TRDIAl (A,B,C,X,F,N) 
+ + + PURPOSE + + + 
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c 
C Solves a system of equations with a tridiagonal coefficient matrix 
C Modofication date: 2/14/92 JAM 
C 
C + + + DUMMY ARGUMENTS + + + 
C 
C INCLUDE 'PPARM.INC 
INTEGER N,LPRZOT 
INTEGER NCMPTS,NAPP, NC, NPII, MCMPP2, MXCPD 
C 
C PARAMETER (NCMPTS=100, NAPP=50, NC=5, NPII=800) 
PARAMETER (NCMPTS=200, NAPP=400, NC=5, NPII=800) 
C 
C NCMPTS - number of przm compartments 
C NAPP - number of pesticides applications 
C NC - number of crops 
C NPII - number of points for moc algorithm. 
C 
C the dimension for 'NCMPTS' must be at least one number larger 
C Chan the number of compartments that are being simulated. 
C note if NPII value is changed, write statements in lines 106-123 
C of subroutine RSTPTl and read statements in lines 120-138 of 
C subroutine RSTGTl for variable CC need to be modified accordingly. 
C 
PARAMETER (NCMPP2=NCMPTS+2) 
C 
C maximum number of cropping periods 
PARAMETER (MXCPD=100) 
REAL A(NCMPTS),B(NCMPTS),C(NCMPTS),F(NCMPTS),X(NCMPTS) 
CHARACTER*3 MODID 
C 
C + + + ARGUMENT DEFINITIONS + + + 
C 
C LPR20T.... Fortran unit number for output file 
C MODID... character string for identification of output file LPRZOT 
C 
C + + + PARAMETERS + + + 
C 
C INCLUDE 'PPARM.INC 
C 
C + + + LOCAL VARIABLES + + -t-
C 
INTEGER I,NMl 
REAL U(NCMPTS),Y(NCMPTS),L(NCMPTS),DLIMIT 
CHARACTER*80 MESAGE 
C 
C + + + INTRINSICS + + + 
C 
INTRINSIC ABS 
C 
C + + + EXTERNALS + + + 
C 
C EXTERNAL SUBIN,SUBOUT 
C 
C Data intializations 
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c 
DATA U,Y,L / NCMPTS*0.0, NCMPTS*0.0, NCMPTS*0.0 / 
DATA DLIMIT /l.OE-10/ 
C 
C End specifications 
C 
C MESAGE = 'TRDIAl' 
C CALL SUBIN(MESAGE) 
C 
C Factor matrix into upper and lower halves 
C 
U(1)=B(1) 
DO 10 1=2, N 
IF{ABS (Ud-l) ) .LT.l.OE-5) GO TO 40 
L(I)=A(I)/U(I-1) 
U(I)=B(I) -L(I) 'Cd-D 
10 CONTINUE 
C 
C Solve LUX=F 
C 
Yd) =Fd) 
DO 20 1=2,N 
Yd) =Fd) -Ld) *Yd-l) 
2 0 CONTINUE 
C 
IF(ABS(U(N)).LT.l.OE-5) GO TO 40 
X(N) =Y(N) /U(N) 
IF (X(N).LE.DLIMIT) X{N) = 0.0 
NM1=N-1 
DO 30 1=1,NMl 
X{N-I)=(Y(N-I)-C(N-I)•XCN+l-I))/U(N-I) 
IF (X(N-I).LE.DLIMIT) X{N-I) = 0.0 
3 0 CONTINUE 
GO TO 800 
4 0 CONTINUE 
WRITE(LPR20T, 2000) (MODID,1 = 1,11) 
C 
C FORMAT statements 
C 
2000 FORMAT (IX, A3 , IX. 110 (IH* ) , / , IX, A3 , IX, 110 (IH*) , / , IX, A3 , / , IX, A3 , SOX, 
1 'E R R O R" ,/,lX,A3,/,1X,A3,10X, 'TRIDIAGONAL MATRIX IN ', 
2 'SUBROUTINE TRDIA COULD NOT BE SOLVED FOR THIS DAY. ' , 
3 'PRZM WILL- ,/, IX,A3,lOX, • USE VALUES FOR THE LAST TIME ', 
4 ' STEP AND CONTINUE ON. YOU MAY WANT TO STOP AND CHECK' , / , 
5 1X,A3,10X, 'BOTH THE INPUT SEQUENCE AND THE CODE IN ', 
6 'SLPEST AND TRDIA • , / , IX, A3 , / , IX, A3 , / , IX, A3 , IX, 110 (IH* ) ) 
C 
800 CONTINUE 
C 
C CALL SUBOUT 
C 
RETURN 
END 
C 
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c= 
c 
c 
c-
c 
c 
c-
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c= 
CRESIDUE, Siibroutine, A. A. Andales 
Handles crop residue incorporation and soil surface coverage 
REVISION HISTORY 
08/12/98 Written A. Andales 
Input 
In/Out 
Output 
Saved 
Local 
AM - average surface coverage of residue, ha/kg 
RESAMT - residue amoxint at start of simulation, kg/ha 
RINP - residue incorporation percentage, % 
:FC - percentage of soil covered, % 
:MULCHTHICK - thickness of the mulch, cm 
ATHICK - average thickness of each mulch layer, cm 
MULCH - weight of residue at the surface, kg/ha 
SURF - surface area of a mulch layer, ha 
XMASS - intermediate residue mass used in calculating residue 
thickness 
Fn/Sub : 
STJBROXJTIKE CRBSIDUE {YRDOY) 
IMPLICIT NONE 
INTEGER YRDOY 
INCLUDE 'TILL.BLK' 
INCLUDE 'NTRCl.BLK* 
REAL ATHICK, STOF,XMASS 
C 
C Calculate residue surface coverage 
c 
IF (YRDOY -EQ. TYRDOY (TILN) ) THEN 
MULCH = RESAMT * (1.0 - RINP(TILN) / 100.0) 
RESAMT = MULCH 
FC = 1.0 - EXP(-AM * MULCH) 
C 
C Estimate mulch thickness 
C 
MULCHTHICK =0.0 
ATHICK = 1.5 
XMASS = MULCH 
SURF = FC 
DO WHILE (SURF .GT. 0.01) 
XMASS = XMASS - SURF / AM 
SURF = SURF * (1 - EXP (-AM * XMASS / SURF)) 
MULCHTHICK = MULCHTHICK + SURF * ATHICK 
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END DO 
END IF 
RETURN 
END 
C======================================================================= 
C SOILDYN, Subroutine, A. A. Andales 
C Handles soil properties that change with tillage and 
C rainfall events. 
C 
C REVISION HISTORY 
C 08/12/98 Written A. Andales 
C 
C Input :CN2TILL(TILN) - SCS curve number immediately after tillage 
C : tillage application TILN 
C rCRAIN - cumulative rain since start of simulation, mm 
C :DIiAYR(L) - thickness of layer L, cm 
C :FC - residue surface coverage, fraction 
C :LL(L) - lower limit of water content of layer L, fraction 
C :RAIN - rainfall for the day, mm 
C :SALB - bare soil albedo (dry), fraction 
C :STIJBD(L) - settled bulk density of layer L, g/cm^S 
C :STLCN2 - settled SCS curve number 
C :STLSWCN(IJ) - settled hydraulic conductivity of layer L, 
C :g/cm''3 
C :SW(L) - volumetric water content of layer L, fraction 
C :TYRDOY - date of tillage operation, YRDOY 
C :TDEP - depth of tillage, cm 
C :TILLED(TILN,L) - bulk density of layer L immediately after 
C : tillage application TILN, g/cm^'a 
C :TILLSWCN(TILN,L) - saturated hydraulic conductivity of layer 
C : L immediately after tillage application TILN, cm/day 
C :TILN - tillage application number 
C :XHLAI - leaf area index, fraction 
C In/Out : 
C :BD(L) - current value of bulk density of layer L, g/cm'^3 
C ;CN2 - current value of SCS curve number 
C :SAT(L) - saturated water content of layer L, fraction 
C :SWCN(L) - current saturated hydraulic conductivity, cm/day 
C Output : 
C -.SALBEDO - bare soil albedo (wet) , fraction 
C Saved : 
C Local -.AS - aggregate stability, 0-1.0 
C .-CANCOV - fraction of soil area covered by canopy 
C :DEPTH - depth of the layer under consideration, cm 
C :FF - saturation ratio, fraction 
C -.KECHGE - dummy variable for calculating changes in soil 
C : properties 
C :RSTL - rate of change in a soil property 
C iSOILCOV - soil coverage by canopy and surface residue, 
C -.fraction 
C rSUMKE - sum of rainfall kinetic energy since the last tillage 
C : operation, J/cm*2 
C rSUMKET - cumulative rainfall kinetic energy from start of 
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C simulation to most recent tillage date, J/cm^a 
C :XBD - intermediate bulk density value, g/cm*3 
C :XCN2 - intermediate value of SCS curve no. 
C :XSWCN - intermediate saturated hydraulic conductivity, cm/day 
C Fn/Sub : 
C======================================================================= 
STJBRODTIHB SOILDXN (YRDOY, RAIN, GRAIN, DLAYR, LL, SAT, SWCN, SW, BD, CN2 , 
& SALE, XHLAI, ALBEDO, OC,DUL) 
IMPLICIT NONE 
INCLUDE 'TILL.ELK' 
INTEGER YRDOY,J,L 
REAL GRAIN,DLAYR(20) ,LL(20),RAIN,SALE,SW(20) ,FF,XHLAI,ED(20) ,CN2 , 
& SAT (20) ,SWCN(20) , AS, DEPTH, KECHGE, RSTL, SOILCOV, SUMKET, 
& XED(3) ,XCN2,XSWCN(3) ,OG(20) ,MULCHALE,ALBEDO, DUL (2 0) 
C 
C Calculate albedo changes with soil water content and canopy cover 
C 
FF = (SWd) - 0.03) / (DUL(l) - 0.03) 
SALBEDO = SALE * (1 - 0.45 * FF) 
CANCOV = 1.0 - EXP(-0.75 * XHLAI) 
MULCHALE = 0.45 
ALBEDO = CANCOV*0.23 + FC*(1 - CANCOV)*MULCHALE + 
& (1 - FC)*(1 - CANCOV)*SALEEDO 
C 
C Initialize surface soil properties after a tillage operation 
C 
XCN2 = CN2 
DO L = 1,3 
XED(L) = BD(L) 
XSWCN(L) = SWCN(L) 
END DO 
IF (YRDOY .EQ. TYRDOY (TILN) ) THEN 
L = 1 
DEPTH = 0.0 
DO WHILE (DEPTH .LE. TDEP(TILN)) 
XED(L) = TILLED(TILN,L) 
ED(L) = XED(L) 
XSWCN(L) = TILLSWCN(TILN,L) 
SWCN(L) = XSWCN(L) 
DEPTH = DEPTH + DLAYR(L) 
SUMKE = 0.0 
L = L + 1 
END DO 
XCN2 = CN2TILL(TILN) 
CN2 = XCN2 
SUMKET = 0.00217 * GRAIN 
TILN = TILN + 1 
END IF 
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c 
C Calculate fraction of soil covered by canopy and residue. 
C 
IF (RAIN .GT. 0.0) THEN 
SOILCOV = CANCOV + FC * (1.0 - CANCOV) 
C 
C Calculate changes in bulk density and hydraulic conductivity due to 
C rainfall kinetic energy. 
C 
DEPTH = 0.0 
DO L = 1,3 
DEPTH = DEPTH + DIiAYR(L) / 2 
AS = 0.205 * OC(L) 
RSTL = 5.0 * (1 - AS) 
SUMKE = 0.00217 * GRAIN - SUMKET 
SUMKE = (1.0 - SOILCOV) * SUMKE * EXP(-0.15*DEPTH) 
KECHGE = EXP(-RSTL * SUMKE) 
BD(L) = STLBD{L) + (XBD(L) - STLBD(L)) * KECHGE 
SWCN(L) = STLSWCN(L) + (XSWCN(L) - STLSWCN(L)) * KECHGE 
SAT(L) = 0.85 * (1 - BD{L) / 2.66) 
DEPTH = DEPTH + DLAYR(L) / 2 
END DO 
C 
C Calculate changes in rtmoff curve number to account for changes in 
C surface roughness. 
C 
AS = 0.205 * 0C(1) 
RSTL = 5.0 * (1.0 - AS) 
SUMKE = 0.00217 * CRAIN - SUMKET 
SUMKE = (1.0 - SOILCOV) * SUMKE 
KECHGE = EXP(-RSTL * SUMKE) 
CN2 = STLCN2 + (XCN2 - STLCN2) * KECHGE 
END IF 
RETURN 
END 
C TILLRAIN, Subroutine, A. A. Andales 
C Handles rainfall interception by surface residues 
C REVISION HISTORY 
C 08/27/98 Written A. Andales 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C= 
Input -.MULCH - weight of residue at the surface, kg/ha 
In/Out 
Output 
Saved 
Local 
Fn/Sub 
RAIN - daily rainfall, mm 
NRAIN - net rainfall after interception by surface residue,mm 
:MULCHSAT - maximum water retention by surface residue, mm 
:MULCHSW - amount of water held by surface residue,mm 
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snBROTrrmB TIZIUUUCNCRAIN) 
IMPLICIT NONE 
INCLUDE 'TILL.BLK' 
REAL RAIN 
C 
C Calculate rainfall interception by surface residue 
C 
MULCHSAT = 3.8E-5 * MULCH * 10.0 
NRAIN =0.0 
IF (RAIN .GT. 0.0 .AND. RAIN .GT. (MULCHSAT - MULCHSW) ) THEN 
NRAIN = RAIN - (MULCHSAT - MULCHSW) 
MULCHSW = MULCHSAT 
ELSE IF (RAIN .GT. 0.0) THEN 
MULCHSW = MULCHSW + RAIN 
NRAIN =0.0 
END IF 
RETURN 
END 
C= 
C 
C 
TILLEVAP, Subroutine, A. A. Andales 
Handles reduction of soil evaporation due to surface resicdues 
C REVISION HISTORY 
C 08/27/98 Written A. Andales 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C= 
Input 
In/Out 
Output 
Saved 
Local 
Fn/Sub 
EOS potential evapotranspiration, mm/day 
FC - fraction of soil area covered by residue 
MULCHSW - amount of water held by surface residue,mm 
RM - evaporation reduction factor due to surface residue, 
0 - 1  
SUBROXTTINB TILLBVAP (EOS) 
IMPLICIT NONE 
INCLUDE 'TILL.BLK' 
REAL EOS,RM 
C 
C Calculate free evaporation from surface residue 
C 
IF (EOS .LT. MULCHSW) THEN 
MULCHSW = MULCHSW - EOS 
EOS =0.0 
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ELSE 
EOS = EOS - MULCHSW 
MULCHSW =0.0 
END IF 
C 
C Calculate evaporation reduction factor due to surface residue 
C 
RM = MIN(EXP{-0.5*MULCHTHICK) ,1 - 0.807*FC) 
C 
C Corrected soil potential evaporation (EOS) 
C 
EOS = EOS * RM 
RETURN 
END 
C 
C TILLINP, Subroutine 
C Reads the tillage parameters from 'SOIL.TIL' 
C 
C REVISION HISTORY 
C 08/20/98 Written A. Andales 
C 
C Input : 
C In/Out :AM - average surface coverage of residue, ha/kg 
C :CN2TILL(TILN) - SCS curve number immediately after tillage 
C : tillage application TILN 
C :TILLED(TILN,L) - bulk density of layer L immediately after 
C : tillage application TILN, g/cm^S 
C :TILLSWCN(TILN,L) - saturated hydraulic conductivity of layer 
C : L immediately after tillage application TILN, cm/day 
C :ZLYR(L) - depth, base of layer L, cm 
C Output : 
C Saved : 
C Local :NTILL - total number of tillage operations 
C :TILN - tillage application number 
C Fn/Sxib : 
0========================================= 
SUBROUTINE TILLINP(CN2,BD,SWCN) 
IMPLICIT NONE 
INCLUDE ' TILL.BLK' 
INCLUDE 'NTRC1.BLK' 
CHARACTER»2S TILLTl, TILLT2 
CHARACTER*8 OUTPUTFILE 
INTEGER I.L 
REAL ZLYRO) ,CN2,BD(20) ,SWCN(20) 
C 
C Read tillage parameters from 'SOIL.TIL' 
C -
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OPEN (UNIT=98 , FILE= • SOIL. TIL • , STATUS = ' OLD') 
READ (98,1) TILLTl 
DO WHILE (TILLTl .NE. TILLTITLE) 
READ (98,1) TILLTl 
END DO 
READ (98,*) OUTPUTFILE 
READ (98,1) TILLT2 
READ (98,2) AM, NTILL, RESAMT 
READ (98,1) 
READ (98,1) 
DO I = 1, NTILL 
READ (98,3) TILN,TYRDOY(I),CN2TILL(I),RINP(I),TDEP(I),TCODE(I) 
END DO 
READ (98,1) 
READ (98,1) 
DO I = 1,NTILL 
DO L = 1,3 
READ(98,4) TILN, ZLYR(L), TILLBD(TILN,L) , 
TILLSWCN(TILN,L) 
END DO 
END DO 
CLOSE (98) 
C 
C Designate the CN2, BD, and SWCN values from CROPGRO as the settled 
C values to be used in changing curve number, bulk density, and 
C hydraulic conductivity of the top 3 soil layers as affected by 
C tillage and rainfall kinetic energy 
c 
STLCN2 = CN2 
DO L = 1,3 
STLBD(L) = BD(L) 
STLSWCN(L> = SWCN(L) 
END DO 
TILN = 1 
C 
C Initialize surface residue and residue coverage. 
C A. Andales 9/25/98 
C-
MULCH = RESAMT 
FC = 1.0 - EXP(-AM * MULCH) 
C 
C Initialize the tillage output file 
C 
OPEN (99 , FILE=OUTPUTFILE, STATUS= ' REPLACE ' ) 
WRITE(99,*) "TILLAGE OUTPUT FILE' 
WRITE(99,1) TILLTITLE 
WRITE(99,5) 
1 FORMAT (A25) 
2 FORMAT (1X,F7.5,1X,I5,1X,F6.1) 
3 FORMAT (2(IX,15) ,3(IX,F5.2),IX, AS) 
4 FORMAT (IX,15,3(IX,F5.2)) 
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5 FORMATdX, 'YRDOY' ,4X, 'RES' ,4X, 'BDl' ,4X, 'BD2' ,4X, 'BD3' ,2X, 'SWCNl' , 
& 2X, • SWCN2',2X, •SWai3',3X, ' SATl',3X,'SAT2',3X, 'SAT3',4X, 
& 'CN2',3X, 'SALB', IX, 'ALBEDO',3X, 'GRAIN',3X, 'SUMKE') 
RETURN 
END 
C 
C TILLOUT, Sxibroutine 
C Writes the daily values of varicQjles affected by tillage in the 
C 'TILLAGE.OUT' file. 
C 
C REVISION HISTORY 
C 08/31/98 Written A. Andales 
C 
C Input 
C In/Out 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c 
C Output 
C Saved 
C Local 
C Fn/Sub 
C========^ 
SUBROUTINE TILLOUT(YRDOY) 
IMPLICIT NONE 
INCLUDE 'TILL.BLK' 
INCLUDE 'COMSOI.BLK' 
INCLUDE •NTRC2.BLK' 
INTEGER YRDOY 
WRITE(99,1) YRDOY,RESAMT,BD(1) ,BD(2) ,BD(3) ,SWCN(1) ,SWCN(2) , 
& SWCN(3) ,SAT{1) ,SAT(2) ,SAT(3) , CN2 ,SALBEDO,ALBEDO, 
& GRAIN,SUMKE 
1 F0RMAT(1X,I5,1X,FS.1,12 (1X,F6.2) ,IX,F7.2,IX,F7.5) 
YRDOY 
RESAMT - amount of surface residue, kg/ha 
BD(L) - bulk density of layer L, g/cc 
SWGN(L) - saturated hydraulic conductivity of layer L, cm/d 
SAT(L) - volumetric moisture content of layer L at 
saturation, cm/cm 
CN2 - SCS runoff curve no., 0-100 
SALBEDO - bare soil albedo as affected by moisture content 
of the top layer, 0-1 
GRAIN - cumulative rainfall, mm 
SUMKE - sum of rainfall kinetic energy since the last tillage 
: operation, J/cm'"2 
RETURN 
END 
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TILIi.BLK (Tillage Common block) 
INTEGER NTILL,TILN,TYRDOY(10) 
CHARACTER*5 TCODE(IO) 
CHARACTER*25 TILLTITLE 
REAL AM, RESAMT, CN2TILL (10) , TILLBD (10, 3) , TILLSWCN (10, 3) , 
& MULCHTHICK, MULCH, STLBD (3) , STLCN2, STLSWCN (3) , SALBEDO, CANCOV, 
& TDEP(IO) ,FC,NRAIN,MULCHSW,MULCHSAT,SUMKE 
COMMON /TILL/ AM, RESAMT, NTILL, TILN, TYRDOY, CN2TILL, TDEP, 
& TILLBD, TILLSWCN, MULCH, MULCHTHICK, FC, STLCN2 , STLBD, 
& STLSWCN, SALBEDO,NRAIN,MULCHSW,MULCHSAT,SUMKE, 
& TILLTITLE 
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APPENDIX C. TILLAGE INPUT FILE 
Format Guide to the Tillage Input File 
Variable Variedale Name Header Format^ 
Line 1 
Experiment name TILLTITLE 0 A 25 
Line 2 
Output file name OUTPUTFILE OAS 
Line 3 
® AM NTILL RAMT 
Line 4 
Average surface AM 
coverage of residues, 
ha kg'^ 
Total number of tillage NTILL 
operations 
Initial residue amount, RESAMT 
kg ha"^ 
Line 5 
•SURFACE TILLAGE PARAMETERS 
AM IF 7.5 
NTILL lis 
RAMT 1 F 6.1 
Line 6 
@ TILN TDATE CN2T RINP TDEP TIMPL 
Line 7 (Repeat for each tillage operation) 
Tillage number TILN TILN 1 I 5 
Tillage date TYRDOY TDATE 1 I 5 
SCS Curve Number CN2TILL CN2T 1 F 5 .2 
% Residue incorporation RINP RINP 1 F 5 .2 
Tillage depth, cm TDEP TDEP 1 F 5 .2 
Tillage implement code TCODE TIMPL 1 A 5 
(optional) 
Line 8 
•SOIL PROFILE 
Line 9 
® TILN SLB SBDT SKST 
Line 10 (Repeat for top 3 layers and for each tillage operation) 
Tillage number TILN TILN 115 
Bottom of soil layer ZLYR SLB 1 F 5.2 
Tilled bulk density, g TILLED SBDT 1 F 5.2 
cm"' 
Tilled saturated TILLSWCN SKST 1 F 5.2 
hydraulic conductivity, 
cm day"^ 
'Formats are given as: number of leading spaces, variable type (A = 
character, I = integer, F = floating point number), variable width.number 
of decimals (if floating point number) . 
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Example Tillage Input File 
CHISEL PLOW 97 
CP970UT 
® AM NTILL RAMT 
0.00032 4 2000.0 
•SURFACE TILLAGE PARAMETERS 
@ TILN TDATE CN2T RINP TDEP TIMPL 
1 97118 72.00 30.00 12.70 TlOlO 
2 97119 73.00 10.00 3.00 TI016 
3 97164 72.00 15.00 12.70 TIOll 
4 97175 72.00 15.00 12.70 TIOll 
•SOIL PROFILE 
iN SLB SBDT SKST 
1 5 . 00 1 .20 122 . 0 
1 15 . 00 1 .20 122 . 0 
1 30 . 00 1 .35 101. 0 
2 5 . 00 1 .21 120 . 0 
2 15 . 00 1 .21 120 . 0 
2 30 . 00 1 .35 101. 0 
3 5 . 00 1 .20 122 . 0 
3 15 . 00 1 .20 122 . 0 
3 30 . 00 1 .35 101. 0 
4 5 . 00 1 .20 122 . 0 
4 15 . 00 1 .20 122 . 0 
4 30 . 00 1 .35 101. 0 
MOLD BOARD 97 
MB970Xrr 
® AM NTILL RAMT 
0.00032 4 877.0 
•SURFACE TILLAGE PARAMETERS 
® TILN TDATE CN2T RINP TDEP TIMPL 
1 97118 74.00 30.00 12.70 TlOlO 
2 97119 75.00 10.00 3.00 TI016 
3 97164 74.00 15.00 12.70 TIOll 
4 97175 74.00 15.00 12.70 TIOll 
•SOIL PROFILE 
SLB SBDT SKST 
1 5 . 00 1 .20 122 . 0 
1 15 . 00 1 .20 122. 0 
1 30 .00 1 .35 101. 0 
2 5 . 00 1 .21 120. 0 
2 15 .00 1 .21 120 . 0 
2 30 .00 1 .35 101. 0 
3 5 .00 1 .20 122 . 0 
3 15 .00 1 .20 122. 0 
3 30 .00 1 .35 101. 0 
4 5 .00 1 .20 122 . 0 
4 15 .00 1 .20 122. 0 
4 30 .00 1 .35 101. 0 
NO TILL 97 
NT970UT 
@ AM NTILL RAMT 
100 
0.00032 3 3097.0 
•SURFACE TILLAGE PARAMETERS 
@ TILN TDATE CN2T RINP TDEP TIMPL 
1 97119 71.00 10-00 3.00 TI016 
2 97164 70.00 15.00 12.70 TIOll 
3 97175 70.00 15.00 12.70 TIOll 
*SOIL PROFILE 
SLB SBDT SKST 
1 5 .00 1 .35 101 .0 
1 15 
o
 
o
 1 .35 101 .0 
1 30 .00 1 .38 97 .0 
2 5 .00 1 .30 108 .0 
2 15 
O
 
o
 1 .30 108 .0 
2 30 
o
 
o
 1 .40 94 .0 
3 5 
o
 
o
 1 .30 108 .0 
3 15 .00 1 .30 108 .0 
3 30 .00 1 .40 94 .0 
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APPENDIX D. CROPGRO INPUT FILES FOR THE 1997 TILLAGE STUDY 
NOTE: The following input files follow the standard formats specified for the DSSAT 
models (Decision Support System for Agrotechnology Transfer) described in Tsuji, 
G. Y., G. Uehara, and S. Balas (eds.)- 1994. DSSAT version 3. Vol. 2. University of 
Hawaii, Honolulu, Hawaii. 
Experiment Details File (FTLEX) 
•EXP.DETAILS: lOAMSTOlSB 1997 Tillage Study 
•TREATMENTS FACTOR LEVELS 
aN R 0 C TNAME FL SA IC MP MI MF MR MC MX ME MH SM 
01 1 1 0 CHISEL PLOW 97 1 1 0 1 1 0 0 0 0 0 0 1 1 
02 1 1 0 MOLD BOARD 97 1 2 0 2 1 0 0 0 0 0 0 1 2 
03 1 1 0 NO TILL 97 1 3 0 3 1 0 0 0 0 0 0 1 3 
•CULTIVARS 
SC CR INGENO CNAME 
1 SB 990002 STINE 22S0 
•FIELDS 
®L ID_FIELD WSTA... .  
1 lUAMOOOl AMES9701 
2 IUAM0002 AMES9701 
3 IUAM0003 AMES9701 
FLSA FLOB FLDT 
-99 0 IBOOO 
-99 0 IBOOO 
-99 0 IBOOO 
FLDD FLDS FLST SLTX 
0 C 00000 -99 
0 0 00000 -99 
0 0 00000 -99 
SLOP ID_SOIL 
120 IOAM971138 
120 IUAM97213a 
120 IUAM973138 
•INITIAL CONDITIONS 
SC PCR ICDAT ICRT ICND ICRN ICRE 
1 MZ 97105 100 -99 1.00 1. 00 
2 MZ 97105 100 
-99 1.00 1.00 
3 MZ 97105 100 
-99 1.00 1.00 
«C ICBL SH20 SNH4 SN03 
1 5 0 .360 -9, .0 -9.0 
1 15 0 .  360 -9, .0 -9.0 
1 30 0 .372 -9, .0 -9.0 
1 60 0 .360 -9. .0 -9.0 
1 90 0 .410 -9, .0 -9.0 
1 120 0 .400 -9. .0 -9.0 
2 5 0 .360 -9. .0 -9.0 
2 15 0 .360 -9. .0 -9.0 
2 30 0 .372 -9. .0 -9.0 
2 60 0 .360 -9. .0 -9.0 
2 90 0 .410 -9. ,0 -9.0 
2 120 0 .400 -9. .0 -9.0 
3 5 0 .360 -9. .0 -9.0 
3 15 0 .360 -9. .0 -9.0 
3 30 0 .372 -9. 0 -9.0 
3 60 0 .360 -9. .0 -9.0 
3 90 0 .410 -9. 0 -9.0 
3 120 0 .400 -9. 0 -9.0 
•PLANTING DETAILS 
®P PDATE EDATE PPOP PPOE PLME PLDS PLRS PLRD PLDP PLWT PAGE PENV PLPH 
1 97119 -99 49.4 44.5 S R 76 90 3.0 -99 -99 -99.0 -99.0 
•HARVEST DETAILS 
®H HDATE HSTG HCOM HSIZ HPC 
1 97263 -99 -99 -99 -99 
•SIMULATION CONTROLS 
eN GENERAL NYERS NREPS START SDATE RSEED SNAME 
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1 GB 
ON OPTIONS 
1 OP 
aN METHODS 
1 HE 
ON MANAGEMENT 
1 MA 
8N OUTPUTS 
1 OU 
l i s  9 7 1 0 5  2 1 5 0  C H I S E L  P L O W  9 7  
HATER NITRO SYMBX PHOSP POTAS DISSS 
Y Y O N N N 
WTHER INCON LIGHT EVAPO IHFIL PHOTO 
M M E R S C 
PLANT IRRIG PERTI RESID HARVS 
R N N N R 
FNAME OWEW SUMRY FROPT GROUT CAOUT WAOUT NIOUT MIOUT DIOUT 
N Y Y I Y N Y Y N N  
LONG 
Y 
® AUTOMATIC MANAGEMENT 
SN 
1 
8N 
1 
PLANTING 
PL 
IRRIGATION 
IR 
aN NITROGEN 
1 NI 
mu RESIDUES 
1 RE 
fflN HARVEST 
1 HA 
PFRST PLAST PH20L PH20U PH20D PSTMX PSTMN 
155 200 40 100 30 40 10 
IMDEP ITHRL ITHRU IROFF IMETH IRAMT IREFF 
30 50 100 GSOOO IROOl 
NMDEP NMTHR NAMNT NCOOE NAOFF 
30 50 25 FEOOl GSOOO 
RIPCN RTIME RIDEP 
100 1 20 
HFRST HLAST HPCNP HPCNR 
0 365 100 0 
10 1.00 
SN GENERAL 
2 GE 
SN OPTIONS 
2 OP 
SN METHODS 
2 ME 
SN MANAGEMENT 
2 MA 
SN OUTPUTS 
2 OU 
NYERS NREPS START SDATE RSEED SNAME 
l i s  9 7 1 0 5  2 1 5 0  M O L D  B O A R D  9 7  
WATER NITRO SYMBI PHOSP POTAS DISES 
Y Y U N N N 
WTHER INCON LIGHT EVAPO INFIL PHOTO 
M M E R S C 
PLANT IRRIG FERTI RESID HARVS 
R K N H R 
FNAME OWEW SUMRY FROPT GROUT CAOUT WAOUT NIOUT MIOUT DIOUT 
N Y Y I Y N Y Y N N  
LONG 
Y 
ft  AUTOMATIC MANAGEMENT 
iN PLANTING 
2 PL 
SN IRRIGATION 
2 IR 
SN NITROGEN 
2 NI 
SN RESIDUES 
2 RE 
SN HARVEST 
2 HA 
PFRST PLAST PH20L PH20U PH20D PSTMX PSTMN 
155 200 40 100 30 40 10 
IMDEP ITHRL ITHRU IROFF IMETH IRAMT IREFF 
30 50 100 GSOOO IROOl 
NMDEP NMTHR NAMNT NCODE NAOFF 
30 SO 25 FEOOl GSOOO 
RIPCN RTIME RIDEP 
100 1 20 
HFRST HLAST HPCNP HPCNR 
0 365 100 0 
10 1.00 
SN GENERAL 
3 GE 
SN OPTIONS 
3 OP 
SN METHODS 
3 ME 
®N MANAGEMENT 
3 MA 
®N OUTPUTS 
3 OU 
NYERS NREPS START SDATE RSEED SNAME 
l i s  9 7 1 0 5  2 1 5 0  N O  T I L L  9 7  
WATER NITRO SYMBI PHOSP POTAS DISES 
Y Y U N N N 
WTHER INCON LIGHT EVAPO INFIL PHOTO 
K M E R S C 
PLANT IRRIG FERTI RESID HARVS 
R N N N R 
FNAME OWEW SUMRY FROPT GROUT CAOUT WAOUT NIOUT MIOUT DIOUT 
N Y Y I Y N Y Y N N  
LONG 
Y 
» AUTOMATIC MANAGEMENT 
®N PLANTING 
3 PL 
®N IRRIGATION 
3 IR 
«N NITROGEN 
3 NI 
SN RESIDUES 
3 RE 
aN HARVEST 
3 HA 
PFRST PLAST PH20L PH20U PH20D PSTMX PSTMN 
155 200 40 100 30 40 10 
IMDEP ITHRL ITHRU IROFF IMETH IRAMT IREFF 
30 50 100 GSOOO IROOl 10 1.00 
NMDEP NMTHR NAMNT NCODE NAOFF 
30 50 25 FEOOl GSOOO 
RIPCN RTIME RIDEP 
100 1 20 
HFRST HLAST HPCNP HPCNR 
0 365 100 0 
103 
Weather FUe (FILEW) 
Header Definitions; 
INSI = Institute code 
LAT = degrees latitude 
LONG = degrees longitude 
ELEV = elevation, m 
TAV = average annual air temperature, °C 
AMP = amplitude of the annual air temperature wave, °C 
REFHT = height of temperature measurements, m 
WNDHT = height of wind measurements, m 
DATE = year + day of year 
SRAD = solar radiation, MJ m'^ day ' 
TMAX = air temperature maximum, °C 
TMIN = air temperature minimum, °C 
RAIN = precipitation, mm 
•WEATHER DATA :  Ame8,IA •SRAD escimaced by PAR*2 beginning 97163 
S INSI LAT LONG ELEV 
AME2 42. .000 93.770 320 
SDATE SRAD TMAX TMIN RAIN 
97065 19 .4 -0 .9 -10 .  7 0 .0 
97066 18 .2 14 .3 -7 .8 0 .0 
97067 19 .  0 12 .5 -6 .1 0 .0 
97068 19 .1 8 .2 -0 .7 14 .  0 
97069 18 .5 14 .8 -1 .4 0 .0 
97070 19 .3 8 .3 -1 .3 0 .  0 
97071 14 .0 7 .8 -1 .  9 0 .0 
97072 2 .1 2 .2 -3 .6 17 .0 
97073 IS .  7 -3 .5 -11 .2 0 .  0 
97074 20 .9 -3 .1 -13 .1 0 .0 
97075 19 .  9 9 .4 -7 .4 0 .  0 
97076 15 .2 12 . 4 0 .1 0 .  0 
97077 2 .  7 3 .5 -1 .5 1 .  0 
97078 18 .9 10. .6 -1 .3 0 .  0 
97079 19 .0 15 .  9 0 .  1 0 .  0 
97080 17 .0 16. .4 1 .8 0 .  0 
97081 20 .1 12. .6 -1 .3 0 .  0 
97082 19 .6 8. .0 -1 .8 0 .0 
97083 1 .5 2. .6 0 .2 11 .0 
97084 12 .5 6. .6 -1 .3 0 .0 
97085 23 .0 21. .2 -3 .0 0 .0 
97086 20 .1 23 . 4 2 .5 0 .  0 
97087 6 .1 12. .7 3 .1 0 .0 
97088 14 .7 11. .9 2 .6 0 .0 
97089 23 .3 13. .6 -2 .0 0 .0 
97090 23 .2 17. .4 -4 .8 0 .0 
97091 19 .6 21. .3 0 .2 0 .0 
97092 6 .1 14 . 0 4 .0 1 .0 
97093 10, .2 16. .9 4 .4 0 .  0 
97094 3 .9 13. .1 6 .5 2 .0 
97095 2. .8 15. .5 7 .5 24 .0 
97096 10. .5 7, .4 -3 .5 0 .0 
97097 24 .7 5. .5 -6 .5 0 .  0 
97098 25 .1 -1. .5 -8 .6 0 .0 
97099 20. .7 4 .  .8 -9. .7 0 .  0 
97100 7, .1 0 . 6 -1 .4 2 .0 
97101 7, .5 0, ,7 -1. .5 1.  . 0 
97102 20. .3 4 .  ,1 -2 . 0 1.  . 0 
TAV 
8 . 0  
AMP REFHT WNDHT 
10.0 2.0 2.2 
97103 25 .8 9 .9 -4 .3 0 .0 
97104 26 . 2  13 .2 -5 .5 0 .0 
97105 17 .1 17 .5 2 .1 0 .0 
97106 26 .8 9 .4 -2 .6 0 .0 
97107 26 .8 15 .6 -4 .3 0 .0 
97108 20 .4 23 .0 -0 .4 0 .0 
97109 21 .6 21 .4 1 .1 0 .0 
97110 9 .0 14 ,2 3 .7 2 .0 
97111 12 .1 20 .0 3 .3 2 .0 
97112 3 .2 10 . 9  6 .8 4 .0 
97113 19 .0 15 .8 2 .0 0 .0 
97114 18 .1 15 .5 -1 .1 0 .0 
97115 24 .5 20 .1 0 .1 0 .0 
97116 14 .8 19 .8 3 .6 0 .0 
97117 16 .7 21 .2 6 .0 0 .0 
97118 25 .8 24 .0 1 .6 0. .0 
97119 19 .1 24 .5 8 .3 0 .0 
97120 2 .2 15 .6 0 .4 30 .0 
97121 25 .1 15 .6 0 .0 0 .0 
97122 2 .9 9 .2 5 .9 12 .  0 
97123 23 .5 15 .2 5 .8 0. .0 
97124 28 .7 22 .4 2 .4 0 .0 
97125 29 .0 24 . 2  8 .8 0 .0 
97126 23 , .2 21 .  7 1.  .2 0 . 0 
97127 6 .5 16 .4 10 .8 10 .0 
97128 25 . 6  19 .0 8 .0 0 . 0 
97129 30, . 2  19 .2 3 .6 0 . 0 
97130 29. .4 24 .8 1.  .5 0. .0 
97131 14 . 6 19 .3 7 . 5 0 . 0 
97132 21. .0 18. 1 2 .6 0. .0 
97133 21. .3 15 .4 -2. .0 0. .0 
97134 17. .0 16. .4 5 . 1  0. .0 
97135 30. .6 15. .7 0 . 0 0.  .0 
97136 23 . 2 28. .9 1.  .3 1.  .0 
97137 26 . 7 29. .5 9 . 8 0.  .0 
97138 22. .4 33. .6 13 . 0 0.  .0 
97139 30. .3 18. .3 6. .5 0. .0 
97140 30 . 6 19. .4 1.  .9 0. .0 
97141 30 .  .5 21. .8 1.  .2 0 . 0 
97142 28 . 4 23. .6 5 . 0 0.  .0 
97143 23 . 2 27. .0 10 . 1 0 . ,0 
97144 10 . 1 20 . S 13 . 7 1.  .0 
97145 5 . 3 17. .4 11. .9 0 . 0 
97146 5.  .0 13 . 3 5 .  . 7 11. .0 
97147 5 . 3 12. .9 7 . 8 13. .0 
97148 3. .9 11. .4 8 . 2 0 . ,0 
97149 10 .  8 16. .6 8 .  .4 0.  0 
97150 19. .9 24. .5 6 . 5 0 . 0 
97151 26. .6 29. .7 7.  .0 0.  .0 
97152 27. .2 29. .8 8 .  .6 0.  ,0 
97153 26. .4 30. .3 8.  .8 0.  .0 
97154 18. .3 28. .4 11. .5 2.  ,0 
97155 18 .  3 28. .3 12 .  6 0.  0 
97156 21. .0 32 .4 13 .  .3 0. .0 
97157 24 .  .7 29. 1 9. .8 0.  .0 
97158 20. 3 30. .4 10. .2 0.  0 
97159 20 . 3 26. .3 11. .9 0. .0 
97160 27. .6 28. .2 10. ,7 0.  .0 
97161 23. 6 28. .5 10. ,1 0. 0 
97162 22. .2 29 .4 10. 2 0 . 0 
97163 19. 3 29. .0 11. ,3 0.  0 
97164 21. . 2  25. .7 16. 6 14 .  0 
97165 16 .  .4 29. .6 14 .  ,7 0.  .0 
97166 26. 4 28. .8 14 .  1 0 .  .0 
97167 21. ,1 32. .5 18. 8 0 .  .0 
97168 26. 8 30. ,7 14 .  7 0 .  .0 
97169 26. 2 31. .3 10. 6 15 .  0 
97170 27. 9 27. .3 16 .  0 0.  ,0 
97171 21. 6 33 . 2 16. 4 4 .  0 
97183 
97184 
97185 
97186 
97187 
97188 
97189 
97190 
97191 
97192 
97193 
97194 
97195 
97196 
97197 
97198 
97199 
97200 
97201 
97202 
97203 
97204 
97205 
97206 
97207 
97208 
97209 
97210 
97211 
97212 
97213 
97214 
97215 
97216 
97217 
97218 
97219 
97220 
97221 
97222 
97223 
97224 
97225 
97226 
97227 
97228 
97229 
97230 
97231 
97232 
97233 
97234 
97235 
97236 
97237 
97238 
97239 
97240 
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22 .3 30 .9 18 .8 45 .0 
22 .0 30 .7 18 .4 0 .0 
24 .6 32 .0 17 .9 0 .0 
25 .2 32 .5 20 .3 2 .0 
14 .5 29 .0 19 .8 7 .0 
15 .3 27 .7 17 .0 0 .0 
21 .0 29 .3 12 .7 0 .0 
22 .3 30 .1 14 .1 2 .0 
24 .3 31 .8 19 .1 14 .0 
21 .2 32 .3 16 .2 0 .0 
26 .4 30 .6 17 .3 0 .0 
23 .0 31 .5 20 .4 0 .0 
27 .1 25 .6 14 .7 0 .0 
14 .9 22 .9 12 .1 0 .0 
17 .4 21 .9 11 .2 0 .0 
21 .1 26 .2 8 .9 0 .0 
25 .9 24 .8 9 .8 0 .0 
21 .3 27 .7 6 .5 1 .0 
24 .2 30 .9 17 .1 0 .0 
22 .5 25. .5 11 .0 1 .0 
17 .6 26 .4 13 .7 10 .0 
20 .9 31. .7 16 .5 1 .0 
24 .1 32 .2 20 .7 4 .0 
18. .3 31. .9 21. 1 0 .0 
26 .6 29. .0 17 .6 0 .0 
26. .0 33. .0 16. .0 0 .0 
25. .3 33. .7 18 .7 0 .0 
22 .8 33. .5 20. .9 0 .0 
23. .8 33 . 5 18. .8 0 .0 
22. .9 33, .8 21. .0 8 .0 
16. .9 34 . 3 19. .9 1 .0 
16 . 0 29. . 6  18. 5 0 .0 
14 . 3 28. . 6  19. .4 22 .0 
12. .4 27. 1 18. .2 68 .0 
17 . 4 30. .3 19. .4 0 .0 
22. .6 34. .3 23 . 1  0 .0 
24 . 2 34 . 5 21. .0 1 .0 
13 . 5 33. .2 21. .0 0 . 0 
20 . 9 28. .7 15. .6 0 .0 
22 . 4 26. .5 13 . 5 0 . 0 
23 . 9 25. .5 12. ,2 0 .0 
23 . 6 2S. , 9 9.  .2 0 . 0 
10 .  . 9 28. 6 14 . 4 0 . 0 
23 . .  7 32. 4 17. .0 1. .0 
20. .8 33 .  4 18 . 6 0 . 0 
22 . 4 29. .6 15. .1 0 . 0 
23 .  .2 24 .  5 10 . 4 0 . 0 
18 . 7 27. .4 9.  .0 0 . 0 
21 . . 8 28. 4 12. .6 0 . 0 
22 . ,7 28. .1 11. .0 0 . 0 
21. .0 28. 1 10 . 7 1. .0 
14 .  . 9 23. 0 13 . 5 17. .0 
3 .  .3 17. 6 13 . 3 4 . 0 
6 .  ,2 21. 8 17. .0 0 . 0 
20. .5 25. .2 12. .3 0 . 0 
10. 9 25. 5 11. .3 7 . 0 
22. .8 30. ,5 15. .0 2 . 0 
21. .4 30. 8 16. 3 0 .  .0 
9.  2 22. 0 14 .  .8 0 .  .0 
10. 8 22. 3 14. .2 3 .  .0 
6 .  5 21. 5 15. .8 1.  .0 
18 .  5 25. 1 13. .7 0.  .0 
21. 9 26. 1 11. .1 0 .  .0 
21. ,0 25. 8 9. .2 0.  . 0 
21. 2 29. 0 12. 2 0.  .0 
21. 1 31. .2 17 .  .8 1.  .0 
6.  1 23. 0 16. 2 0.  0 
12. 1 30. 5 17. 0 3 .  0 
7.  6 32. 4 16. 4 0.  0 
. 0  
.4 
.1 
.1 
.5 
.7 
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16 .1 0 .0 
19 .2 0 .0 
18 .7 0 .0 
16 .2 0 .0 
16 .3 s .0 
13 .5 0 .0 
7 .2 0 .0 
4 .0 0 .0 
8 .1 0 .0 
15 .3 15 .0 
15 .8 0 .0 
15 .8 0 .0 
11 .4 0 .0 
7 .7 0 .0 
4 . 9  0 .0 
8 .4 4 .0 
14. ,9 0 .0 
15 .3 0 .0 
12, .7 3 .0 
16. .8 2. .0 
11. .0 9 .0 
12. .3 12. .0 
11. .8 1.  .0 
4 . 3 5.  .0 
1.  .5 45. .0 
10 . 2 5 . 0 
9.  .3 0 . 0 
3.  .9 24 . 0 
8.  .4 8 . 0 
5.  .8 3 , .0 
14 . 2 4 . 0 
10. .0 0 . 0 
10 . 7 3 . 0 
8 . ,1 0 . 0 
3 . 4 2.  .0 
11. ,5 11. .0 
17. .5 10 . 0 
8 .  .8 3 .  ,0 
12 . 2 3 . 0 
14 .  ,2 1.  0 
18 . 0 8 .  .0 
17. ,9 2 .  .0 
6.  8 4 .  ,0 
2 .  .4 3 .  .0 
IS .  0 16 .  0 
13 .  .8 5 .  0 
-0.  7 1.  0 
-0 .  ,1 1.  ,0 
0 .  7 1.  .0 
3 .  ,2 16 .  .0 
-0 .  4 0 .  0 
2 .  0 0 .  0 
2.  8 0 .  0 
-2.  5 0 .  0 
-4 .  2 0 .  0 
-5.  9 0 .  0 
2.  4 2 .  0 
5 .  7 8 .  0 
2.  0 6 .  0 
-4 .  7 0 .  0 
-9.  4 0 .  0 
-5.  5 0 .  0 
-1.  4 0 .  0 
3.  9 0 .  0 
2.  7 0 .  0 
3.  9 0.  0 
-2.  4 0 .  0 
-3.  0 0.  0 
-2.  7 0.  0 
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97310 2.6 3.S -0.2 13.0 
97311 2.4 5.2 1.6 5.0 
Sou FUe (FILES) 
Tillage study 1997 
; AERC 
: Allan A. Andales 
; 9/10/98 
•IUAM971I38 AMES, lA 0 Clarion, well drained. chisel plow 
9SITE COUNTRY LAT LONG SCS FAMILY 
-99 -99 42 .0 -99.0 
9 SCOM SALB SLUl SLDR SLRO SLNF SLPF SHBB SMPX SMKE ALES 
-99 .20 5.35 .55 76 .0 .90 1.00 IBOOl IBOOl IBOOl 5.0 
9 SLB SLMH SLLL SOUL SSAT SRGF SSKS SBOM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC 
5 -99 .145 .360 .430 1.000 108.0 1.30 2.03 9.0 31 0 2 5 -99-0 6 .4 -99 0 -99.0 
15 -99 .142 .360 .400 1.000 94.0 1.40 2.03 9.0 31 0 2 5 -99.0 6 . 4 -99 0 -99.0 
30 -99 -163 .372 .400 .800 94.0 1.40 2.03 11.0 31 0 2 5 -99.0 6 4 -99 0 -99-0 
60 -99 .120 .360 .420 .600 72.0 1.55 .44 10.5 28 0 5 0 -99.0 6 .7 -99 0 -99 .0 
90 -99 .102 .324 .410 .300 71.0 1.56 .15 8.5 32 0 7 5 -99.0 7 9 -99 0 -99.0 
120 -99 .102 .296 .400 .200 65.0 1.60 .15 8.5 32 0 7 5 -99.0 7 9 -99 0 -99.0 
•IUAM972 138 AMES, lA 0 Clarion, i^ll drained, mold board 
aSlTE COUNTRY LAT LONG SCS FAMILY 
-99 -99 42 .0 -99.0 
9 SCOM SALB SLUl SLDR SLRO SLNF SLPF SMRB SMPX SMKE ALES 
-99 .20 5.35 .55 78.0 .90 1.00 IBOOl IBOOl IBOOl 5.0 
9 SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLsr SLCF SLNI SLHW SLHB SCEC 
5 -99 .145 .360 .450 1.000 115 .0 1.25 2.03 9.0 31 0 2 5 -99.0 6 4 -99 0 -99.0 
IS -99 .142 .360 .420 1.000 101.0 1.35 2.03 9.0 31 0 2 5 -99.0 6 4 -99 0 -99.0 
30 -99 .163 .372 .400 . 900 94 .0 1.40 2 .03 * 11.0 31 0 2 5 -99 .0 6 4 -99 0 -99.0 
60 -99 . 120 .360 .420 .600 72.0 1.55 .44 10.5 28. 0 5 0 -99.0 6 7 -99 0 -99.0 
90 -99 .102 .324 .410 .300 71.0 1.56 .15 8.5 32 0 7 5 -99 .0 7 9 -99 0 -99.0 
120 -99 .102 .296 .400 .200 65.0 1.60 .15 8.5 32 0 7 5 -99.0 7 9 -99 0 -99.0 
•IUAM973138 AMES, lA 0 Clarion, well drained, no cill 
aSITE COUNTRY LAT LONG SCS FAMILY 
-99 -99 42 .0 -99.0 
i SCOM SALB SLUl SLDR SLRO SLNF SLPF SMHB SMPX SMKE ALES 
-99 .20 5.35 .55 72 . 0 . 90 1.00 IBOOl IBOOl IBOOl 5.0 
3 SLB SLMH SLLL SDUL SSAT SRGF SSKS SBDM SLOC SLCL SLSI SLCF SLNI SLHW SLHB SCEC 
c 
-99 .145 .360 .400 .800 94.0 1.40 2.03 9.0 31. 0 2 5 -99.0 6 4 -99 0 -99.0 
IS -99 . 142 .360 .400 .800 94 . 0 1.40 2.03 9.0 31. 0 2 5 -99-0 6 4 -99 0 -99.0 
30 -99 . 163 .372 .400 .800 94.0 1.40 2.03 11.0 31. c 2 5 -99.0 6 4 -99 0 -99.0 
60 -99 .120 .360 .420 .600 72.0 1.55 . 44 10 . 5 28 . G 5 0 -99.0 6 7 -99 0 -99.0 
90 -99 .102 . 324 .410 . 300 71 . 0 1. 56 . 15 a. 5 32 . Q 7 s -99.0 7 9 -99 0 -99.0 
120 -99 . 102 .296 .400 .200 65 . 0 1. 60 15 8.5 32 . 0 7 5 -99.0 7 9 -99 0 -99.0 
Time Series Data (FILET) 
Header Definitions: 
TRNO = treatment number 
DATE = year + day of year 
TS2D = soil temperature of 5-15 cm layer, °C 
TS3D = soil temperature of 15-30 cm layer, °C 
SWID = soil water, 0-5 cm, cm^ cm'^ 
SW3D = soil water, 15-30 cm, cm^ cm"^ 
SW4D = soil water, 30-45 cm, cm^ cm"^ 
SW6D = soil water, 60-90 cm, cm^ cm'^ 
*EXP.D(T): IUAM9701SB 1997 Tillage Study 
!  WATER 
IS TRNO DATE TS2D TS3D SWID SW3D SW4D SW6D 
!  CHISEL PLOW 
1 97144 17.24 14.93 -99 -99 -99 -99 
1 97144 17.03 -99 -99 -99 -99 -99 
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1 97145 16 .23 15 .08 -99 -99 -99 -99 
1 97145 15. .79 -99 -99 -99 -99 -99 
1 97146 13 .31 14 .17 -99 -99 -99 -99 
1 97146 13 .05 -99 -99 -99 -99 -99 
1 97147 10 .77 12 .53 -99 -99 -99 -99 
1 97147 10 .48 -99 -99 -99 -99 -99 
1 97148 10 .83 11 .63 -99 -99 -99 -99 
1 97148 10, .72 -99 -99 -99 -99 -99 
1 97149 11 .38 11 .34 -99 -99 -99 -99 
1 97149 11. .39 -99 -99 -99 -99 -99 
1 97150 12. .63 11 .44 -99 -99 -99 -99 
1 97150 12. .80 -99 -99 -99 -99 -99 
1 97151 15. .66 12 .45 -99 -99 -99 -99 
1 97151 16. .08 -99 -99 -99 -99 -99 
1 97152 18. .85 14 .32 -99 -99 -99 -99 
1 97152 19. .03 -99 -99 -99 -99 -99 
1 97153 20. .19 15 .91 -99 -99 -99 -99 
1 97153 20. .20 -99 -99 -99 -99 -99 
1 97154 20. .92 16 .86 -99 -99 -99 -99 
1 97154 20. .79 -99 -99 -99 -99 -99 
1 97155 21.09 17.58 0.320 0.314 0.340 0.353 
1 97155 21.00 -99 0.300 0.291 0.261 0.220 
1 97156 21 .64 18 .17 -99 -99 -99 -99 
1 97156 21 .50 -99 -99 -99 -99 -99 
1 971S7 20 .55 18 .30 -99 -99 -99 -99 
1 97157 20 .28 -99 -99 -99 -99 -99 
1 97158 20 .70 18 .28 -99 -99 -99 -99 
1 97158 20 .38 -99 -99 -99 -99 -99 
1 97159 20 .67 18 .47 -99 -99 -99 -99 
1 97159 20 .32 -99 -99 -99 -99 -99 
1 97160 20 .40 18 .44 -99 -99 -99 -99 
1 97160 20 .05 -99 -99 -99 -99 -99 
1 97161 20 .98 18 .58 -99 -99 -99 -99 
1 97161 20 .58 -99 -99 -99 -99 -99 
1 97162 21 .53 18 .96 -99 -99 -99 -99 
1 97162 21, .24 -99 -99 -99 -99 -99 
1 97163 21 .80 19 .41 -99 -99 -99 -99 
1 97163 21, .58 -99 -99 -99 -99 -99 
1 97164 21 .38 19 .40 -99 -99 -99 -99 
1 97164 21, .38 -99 -99 -99 -99 -99 
1 97165 21 .03 19 .35 -99 -99 -99 -99 
1 97165 21, .19 -99 -99 -99 -99 -99 
1 97166 22, ,57 19 .75 -99 -99 -99 -99 
1 97166 22, .83 -99 -99 -99 -99 -99 
1 97167 22, .47 20 .16 -99 -99 -99 -99 
1 97167 22, .  77 -99 -99 -99 -99 -99 
1 97168 22. .31 20 .34 -99 -99 -99 -99 
1 97168 22. .57 -99 -99 -99 -99 -99 
1 97169 22. 31 20 .68 -99 -99 -99 -99 
1 97169 22. .55 -99 -99 -99 -99 -99 
1 97170 21. .67 20 .46 -99 -99 -99 -99 
1 97170 22. .10 -99 -99 -99 -99 -99 
1 97171 23. .44 20 .75 0 .320 0 .355 0, .339 0, .332 
1 97171 23. .97 -99 0 . 320 0. .321 0, .311 0 , .276 
1 97172 23 . 18 21 .37 -99 -99 -99 -99 
1 97172 23. .97 -99 -99 -99 -99 -99 
1 97173 23, ,61 21 .55 -99 -99 -99 -99 
1 97173 24 . 45 -99 -99 -99 -99 -99 
1 97174 24. .86 22 .25 -99 -99 -99 -99 
1 97174 25. .87 -99 -99 -99 -99 -99 
1 97175 25. .09 22 .84 -99 -99 -99 -99 
1 97175 25. .54 -99 -99 -99 -99 -99 
1 97176 23. .22 22 .48 -99 -99 -99 -99 
1 97176 23. .45 -99 -99 -99 -99 -99 
1 97177 21. .65 21 .68 -99 -99 -99 -99 
1 97177 22. .21 -99 -99 -99 -99 -99 
1 97178 22. .97 21 .81 -99 -99 -99 -99 
1 97178 23. 92 -99 -99 -99 -99 -99 
1 97179 24 .  27 22 .28 -99 -99 -99 -99 
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1 97179 25 .42 -99 -99 -99 -99 -99 
1 97180 24 .73 22 .82 -99 -99 -99 -99 
1 97180 25 .71 -99 -99 -99 -99 -99 
1 97181 23 .86 22 .78 -99 -99 -99 -99 
1 97181 24 .40 -99 -99 -99 -99 -99 
1 97182 24 .54 22 .87 -99 -99 -99 -99 
1 97182 25 .17 -99 -99 -99 -99 -99 
1 97183 23 .89 23 .06 0 .260 0 .334 0 .274 0 .268 
1 97183 24 .26 -99 0 .260 0 .282 0 .281 0 .290 
1 97184 21 .58 22 .32 -99 -99 -99 -99 
1 97184 21 .58 -99 -99 -99 -99 -99 
1 97185 20 .01 21 .12 -99 -99 -99 -99 
1 97185 19 .88 -99 -99 -99 -99 -99 
1 97186 19 .64 20 .42 -99 -99 -99 -99 
1 97186 19 .69 -99 -99 -99 -99 -99 
1 97187 20 .61 20 .39 -99 -99 -99 -99 
1 97187 21 .08 -99 -99 -99 -99 -99 
1 97188 20 .63 20 .65 -99 -99 -99 -99 
1 97188 20 .84 -99 -99 -99 -99 -99 
1 97189 22 .35 20 .89 -99 -99 -99 -99 
1 97189 23 .05 -99 -99 -99 -99 -99 
1 97190 22 .49 21 .58 -99 -99 -99 -99 
1 97190 22 .71 -99 -99 -99 -99 -99 
1 97191 22 .12 21 .55 -99 -99 -99 -99 
1 97191 22 .23 -99 -99 -99 -99 -99 
1 97192 22 .55 21 .53 -99 -99 -99 -99 
1 97192 22 .96 -99 -99 -99 -99 -99 
1 97193 23 .40 21 .86 -99 -99 -99 -99 
1 97193 24 .09 -99 -99 -99 -99 -99 
1 97194 24 .34 22 .40 -99 -99 -99 -99 
1 97194 25 .07 -99 -99 -99 -99 -99 
1 97195 23 . 70 22 .60 -99 -99 -99 -99 
1 97195 24 .15 -99 -99 -99 -99 -99 
1 97196 22. .63 22 .15 -99 -99 -99 -99 
I  97196 22. ,77 -99 -99 -99 -99 -99 
1 97197 24 . 42 22 .49 0, ,220 0, ,253 0 , 254 0 , 271 
97197 24 . ,85 -99 0 , 220 0 . ,239 0 , 247 0 . ,274 
1 97198 25. ,36 23 .14 -99 -99 -99 -99 
1 97198 25. ,87 -99 -99 -99 -99 -99 
1 97199 25 . ,70 23 .57 -99 -99 -99 -99 
1 97199 26. . 04 -99 -99 -99 -99 -99 
1 97200 26. ,15 23 .89 -99 -99 -99 -99 
1 97200 26. .35 -99 -99 -99 -99 -99 
I 97201 26. ,11 24 .02 -99 -99 -99 -99 
1 97201 26. , 11 -99 -99 -99 -99 -99 
1 97202 24 . ,23 23 .66 -99 -99 -99 -99 
1 97202 24 . .  10 -99 -99 -99 -99 -99 
1 97203 24 . , 01 23 .03 -99 -99 -99 -99 
1 97203 23 . ,83 -99 -99 -99 -99 -99 
1 97204 22. 99 22 .60 -99 -99 -99 -99 
1 97204 22. .86 -99 -99 -99 -99 -99 
1 97205 22. .68 22 .25 -99 -99 -99 -99 
1 97205 22. .80 -99 -99 -99 -99 -99 
1 97206 24 .  .40 22 .55 -99 -99 -99 -99 
1 97206 24 .  .64 -99 -99 -99 -99 -99 
1 97207 25. 28 23 .12 -99 -99 -99 -99 
1 97207 25. ,48 -99 -99 -99 -99 -99 
1 97208 25. ,71 23 .70 -99 -99 -99 -99 
1 97208 25, ,71 -99 -99 -99 -99 -99 
1 97209 24 .  .06 23 .55 -99 -99 -99 -99 
1 97209 23 .  ,87 -99 -99 -99 -99 -99 
1 97210 22. 49 22 .95 -99 -99 -99 -99 
1 97210 22. 00 -99 -99 -99 -99 -99 
1 97211 21. 55 22 .53 0 .  ,270 0. 304 0 .  344 0 .  331 
1 97211 21. 07 -99 0. 270 0. 280 0 .  234 0.  ,171 
1 97212 20. 63 22 .08 -99 -99 -99 -99 
1 97212 20. 07 -99 -99 -99 -99 -99 
1 97213 20. 75 21 .71 -99 -99 -99 -99 
1 97213 20 .  43 -99 -99 -99 -99 -99 
1 97214 21 .51 21 .97 
1 97214 21 .54 -99 
1 9721S 22 .78 22 .47 
1 97215 22 .63 -99 
1 97216 23 .13 22 .84 
1 97216 22 .82 -99 
1 97217 21 .48 22 .62 
1 97217 20 .79 -99 
1 97218 19 .92 21 .82 
1 97218 19 .11 -99 
1 97219 20 .31 21 .35 
1 97219 19 .81 -99 
1 97220 20 .56 21 .40 
1 97220 20 .08 -99 
1 97221 20 .47 21 .27 
1 97221 19 .92 -99 
1 97222 20 .89 21 .31 
1 97222 20 .45 -99 
1 97223 18 .72 20 .95 
1 97223 17 .88 -99 
1 97224 18 .48 20 .12 
1 97224 18 .23 -99 
1 97225 18 .85 20 .05 
1 97225 18 .47 -99 
1 97226 18 .78 20 .08 
1 97226 18 .22 -99 
1 97227 X9, .42 19 .97 
1 97227 X9 .24 -99 
1 97228 20, .83 20 .54 
1 97228 20. .66 -99 
1 97229 21. .23 21 .17 
1 97229 20 .75 -99 
1 97230 19. .07 20 .72 
1 97230 18 . 50 -99 
1 97231 18. .86 20 .15 
1 97231 18 . 51 -99 
1 97232 19. .03 19 .  91 
1 97232 18 . 75 -99 
1 97233 18. .61 19 .81 
1 97233 18. .14 -99 
1 97234 IB . 40 19 .52 
1 97234 X7, .76 -99 
1 97235 18. .73 19 .44 
1 97235 18. .12 -99 
1 97236 20. .23 19 .78 
1 97236 19. .84 -99 
1 97237 20. 91 20 .46 
1 97237 20 .  .35 -99 
1 97238 20. 62 20 .32 
1 97238 20. 31 -99 
1 97239 21. .11 20 .96 
1 97239 20. 60 -99 
1 97240 20. 98 21 .00 
1 97240 20. 56 -99 
1 97241 22. 23 21 .54 
1 97241 21. 69 -99 
1 97242 22. 80 21. .97 
1 97242 22. 22 -99 
1 97243 22. 63 22 .28 
X 97243 21. 77 -99 
1 97244 22. 46 22. .30 
1 97244 21. 56 -99 
X 97245 22. 72 22 .55 
X 97245 21. 89 -99 
X 97246 19. 84 21. .99 
X 97246 19. 06 -99 
1 97247 n. 97 20. .81 
1 97247 16. 94 •99 
X 97248 17. as 19. .89 
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-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
0.250 0.2S2 0.233 0.210 
0.250 0 .221 0 .182 0 .193 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
0.230 0.262 0.298 0.255 
0.250 0 .234 0 .187 0 .139 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
-99 -99 -99 -99 
-99 -99 -99 
-99 
I l l  
1 97248 17 .11 -99 -99 -99 -99 -99 
1 97249 X9 .88 19 .90 -99 -99 -99 -99 
1 97249 X9 .01 -99 -99 -99 -99 -99 
1 97250 2X .22 20 .86 -99 -99 -99 -99 
X 97250 20 .03 -99 -99 -99 -99 -99 
1 9725X X9 .99 20 .77 -99 -99 -99 -99 
1 9725X X9 .42 -99 -99 -99 -99 -99 
1 97252 20 .34 20 .82 -99 -99 -99 -99 
X 97252 X9 .65 -99 -99 -99 -99 -99 
1 97253 X8 .44 20 .39 0. .310 0. .288 0. .260 0. .203 
X 97253 X7 .87 -99 0. .310 0. .263 0. .255 0. .275 
X 97254 X7 .66 19 .69 -99 -99 -99 -99 
X 97254 X6 .99 -99 -99 -99 -99 -99 
X 97255 IB .32 19 .33 -99 -99 -99 -99 
1 97255 17 .66 -99 -99 -99 -99 -99 
X 97256 19. .X3 19 .54 -99 -99 -99 -99 
X 97256 18. .57 -99 -99 -99 -99 -99 
1 97257 19. .98 20 .45 -99 -99 -99 -99 
X 97257 20 .08 -99 -99 -99 -99 -99 
MOLOBOARO 
2 97144 18 .28 15. .72 -99 -99 -99 -99 
2 97144 -99 -99 -99 -99 -99 -99 
2 97145 16 • XO 15. .48 -99 -99 -99 -99 
2 97145 -99 -99 -99 -99 -99 -99 
2 97146 X3 .24 14 . 26 -99 -99 -99 -99 
2 97146 -99 -99 -99 -99 -99 -99 
2 97147 10 .66 12, .58 -99 -99 -99 -99 
2 97147 -99 -99 -99 -99 -99 -99 
2 97148 10 .81 11. .65 -99 -99 -99 -99 
2 97148 -99 -99 -99 -99 -99 -99 
2 97X49 11 .47 11. .39 -99 -99 -99 -99 
2 97X49 -99 -99 -99 -99 -99 -99 
2 97X50 12 .79 11.6 -99 -99 -99 -99 
2 97X50 -99 •99 -99 -99 -99 -99 
2 97XSX 16 .11 12. 66 -99 -99 -99 -99 
2 97XSX 16 .68 12. .59 -99 -99 -99 -99 
2 97152 19 .56 14. 54 -99 -99 -99 -99 
2 97152 19 .70 14. .44 -99 -99 -99 -99 
2 97153 20 .75 16. X2 -99 -99 -99 -99 
2 97153 20 .79 15. .91 -99 -99 -99 -99 
2 97154 21 .34 17. 09 -99 -99 
-99 -99 
2 97154 21 .39 16.8 -99 -99 -99 -99 
2 97155 2X .55 17. 72 0 .320 0 .349 0. .356 0 .335 
2 97155 2X .58 17. 39 0 .340 0 .352 0 .358 0 .362 
2 97X56 22 .17 18. 28 -99 -99 -99 -99 
2 97X56 22 .01 17. 95 -99 -99 -99 -99 
2 97X57 20 .76 18. 47 -99 -99 -99 -99 
2 97X57 20 .85 18. .15 -99 -99 -99 -99 
2 97X58 20 .  96 18. 38 -99 -99 -99 -99 
2 97X58 20 .97 18. 04 -99 -99 -99 -99 
2 97X59 20 .77 18. 51 -99 -99 -99 -99 
2 97X59 20 .91 18.2 -99 -99 -99 -99 
2 97X60 20 .57 18. 47 -99 -99 -99 -99 
2 97X60 20 .45 18. IS -99 -99 -99 -99 
2 97X6X 2X .33 18. 71 -99 -99 -99 -99 
2 97X6X 2X .10 18.3 -99 -99 -99 -99 
2 97X62 22 .04 19. 08 -99 -99 -99 -99 
2 97X62 2X .74 18. 63 -99 -99 -99 -99 
2 97X63 22 .20 19. 59 -99 
-99 -99 -99 
2 97X63 2X .96 19. 09 -99 -99 -99 -99 
2 97X64 2X .67 19. 49 -99 -99 -99 -99 
2 97X64 2X .66 X9. 09 -99 -99 -99 -99 
2 97165 2X .14 X9. 46 -99 -99 -99 -99 
2 97165 2X .55 X9. 25 -99 -99 -99 -99 
2 97166 22 .72 X9. 82 -99 -99 -99 -99 
2 97X66 23 .20 X9. 62 -99 -99 -99 -99 
2 97X67 22 .76 20. 26 -99 -99 -99 -99 
2 97X67 23 .05 20. 03 -99 
-99 -99 -99 
2 97X68 22 .42 20. 43 -99 -99 -99 -99 
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2 97168 22 .85 20 .18 -99 -99 -99 -99 
2 97169 22 .61 20 .79 -99 -99 -99 -99 
2 97169 22 .71 20 .52 -99 -99 -99 -99 
2 97170 21 .81 20 .58 -99 -99 -99 -99 
2 97170 22 .23 20 .38 -99 -99 -99 -99 
2 97171 23 .47 20 .75 0 .320 0 .364 0 .331 0 .283 
2 97171 24 .15 20 .76 0 .340 0 .383 0 .357 0 .371 
2 97172 23 .47 21.4 -99 -99 -99 -99 
2 97172 23 .77 21 .31 -99 -99 -99 -99 
2 97173 23 .96 21.6 -99 -99 -99 -99 
2 97173 24 .23 21.8 -99 -99 -99 -99 
2 97174 25 .07 22 .26 -99 -99 -99 -99 
2 97174 24 .93 22 .15 -99 -99 -99 -99 
2 9717S 25 .04 22 .73 -99 -99 -99 -99 
2 97175 25 .10 22 .55 -99 -99 -99 -99 
2 97176 23 .32 22 .35 -99 -99 -99 -99 
2 97176 23 .41 22 .18 -99 -99 -99 -99 
2 97177 21 .62 21, .54 -99 -99 -99 -99 
2 97177 22 .16 21, .63 -99 -99 -99 -99 
2 97178 23 .04 21, .69 -99 -99 -99 -99 
2 9717S 23 .51 21, .76 -99 -99 -99 -99 
2 97179 24 .69 22, .31 -99 -99 -99 -99 
2 97179 24 .97 22.3 -99 -99 -99 -99 
2 97180 24 .99 22, .81 -99 -99 -99 -99 
2 97180 25 .32 22, .81 -99 -99 -99 -99 
2 97181 23 .78 22. .68 -99 -99 -99 -99 
2 97181 24 .14 22, .73 -99 -99 -99 -99 
2 97182 24 , .57 22.7 -99 -99 -99 -99 
2 97182 24 .76 22, .77 -99 -99 -99 -99 
2 97183 23 .58 22. .76 0, .260 0, .269 0. .248 0 .240 
2 97183 23 .69 22. .79 0 , .250 0 , .298 0. .315 0 .260 
2 97184 21, .20 21. .95 -99 -99 -99 -99 
2 97184 21. .56 22, 03 -99 -99 -99 -99 
2 97185 19. .57 20. ,78 -99 -99 -99 -99 
2 97185 20. .39 20. .93 -99 -99 -99 -99 
2 97186 19. .33 19. ,95 -99 -99 -99 -99 
2 97186 20 . 55 20. ,38 -99 -99 -99 -99 
2 97187 20. .64 19. ,98 -99 -99 -99 -99 
2 97187 22. .33 20. 47 -99 -99 -99 -99 
2 97188 20. .42 20. .22 -99 -99 -99 -99 
2 97188 22. .21 20. 96 -99 -99 -99 -99 
2 97189 22. .47 20. ,44 -99 -99 -99 -99 
2 97189 23 . 97 21. ,17 -99 -99 -99 -99 
2 97X90 22. .22 21. 05 -99 -99 -99 -99 
2 97190 24 .  .08 21. 89 -99 -99 -99 -99 
2 97191 21. .75 20. 93 -99 -99 -99 -99 
2 97191 23. ,15 21. 92 -99 -99 -99 -99 
2 97192 22. ,36 20 .  81 -99 -99 -99 -99 
2 97192 23 .  ,55 21. 57 -99 -99 -99 -99 
2 97193 23 .  42 21. 16 -99 -99 -99 -99 
2 97193 24 .  ,48 22 .  02 -99 -99 -99 -99 
2 97194 24. 40 21. 79 -99 -99 -99 -99 
2 97194 25. ,27 22. 48 -99 -99 -99 -99 
2 97195 23. 70 22. 04 -99 -99 -99 -99 
2 97195 24 .  ,88 22 .  66 -99 -99 -99 -99 
2 97196 22. 14 21. 45 -99 -99 -99 -99 
2 97196 24. 24 22. 36 -99 -99 -99 -99 
2 97197 23. 85 21. 65 0 .  230 0. 255 0. 230 0. .247 
2 97197 26. 12 22. 77 0.  270 0 .  270 0. 281 0. .260 
2 97198 24. 83 22. 19 -99 -99 -99 -99 
2 97198 26. ,79 23. 44 -99 -99 -99 -99 
2 97199 25. 06 22. 56 -99 -99 -99 -99 
2 97199 27. ,03 23 .  76 -99 -99 -99 -99 
2 97200 25. 37 22. 79 -99 -99 -99 -99 
2 97200 27. 32 23 .  98 -99 -99 -99 -99 
2 97201 25. 24 22.9 -99 -99 -99 -99 
2 97201 27. 02 24 .  15 -99 -99 -99 -99 
2 97202 23. 60 22. 68 -99 -99 -99 
-99 
2 97202 24. 55 2 3  1.7 -99 -99 -99 -99 
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2 97203 23.47 22.18 -99 -99 -99 -99 
2 97203 24.23 23.02 -99 -99 -99 -99 
2 97204 22.70 21.83 -99 -99 -99 -99 
2 97204 23.06 22.52 -99 -99 -99 -99 
2 97205 22.57 21.64 -99 -99 -99 -99 
2 97205 23.03 22.07 -99 -99 -99 -99 
2 97206 24.14 21.83 -99 -99 -99 -99 
2 97206 24.87 22.27 -99 -99 -99 -99 
2 97207 25.05 22.39 -99 -99 -99 -99 
2 97207 25.90 22.96 -99 -99 -99 -99 
2 97208 25.38 22.84 -99 -99 -99 -99 
2 97208 26.10 23.42 -99 -99 -99 -99 
2 97209 23.69 22.6 -99 -99 -99 -99 
2 97209 24.17 23.11 -99 -99 -99 -99 
2 97210 21.99 21.97 -99 -99 -99 -99 
2 97210 22.57 22.45 -99 -99 -99 -99 
2 97211 20.98 21.07 0.280 0.364 0.329 0.297 
2 97211 21.67 21.72 0.300 0.362 0.343 0.325 
2 97212 19.97 20.47 -99 -99 -99 -99 
2 97212 20.71 21.04 -99 -99 -99 -99 
2 97213 20.08 20.01 -99 -99 -99 -99 
2 97213 20.71 20.53 -99 -99 -99 -99 
2 97214 21.04 19.83 -99 -99 -99 -99 
2 97214 21.66 20.45 -99 -99 -99 -99 
2 97215 22.29 20.43 -99 -99 -99 -99 
2 97215 22.97 20.9 -99 -99 -99 -99 
2 97216 22.68 20.81 -99 -99 -99 -99 
2 97216 23.21 21.43 -99 -99 -99 -99 
2 97217 20.82 20.67 -99 -99 -99 -99 
2 97217 21.37 21.24 -99 -99 -99 -99 
2 97218 19.14 19.89 -99 -99 -99 -99 
2 97218 19.66 20.35 -99 -99 -99 -99 
2 97219 19.70 19.38 -99 -99 -99 -99 
2 97219 20.18 19.84 -99 -99 -99 -99 
2 97220 19.94 19.36 -99 -99 -99 -99 
2 97220 20.37 19.89 -99 -99 -99 -99 
2 97221 19.79 19.3 -99 -99 -99 -99 
2 97221 20.20 19.79 -99 -99 -99 -99 
2 97222 20.38 19.39 -99 -99 -99 -99 
2 97222 20.66 19.85 -99 -99 -99 -99 
2 97223 18.17 18.98 -99 -99 -99 -99 
2 97223 18.30 19.46 -99 -99 -99 -99 
2 97224 18.37 18.29 -99 -99 -99 -99 
2 97224 18.39 18.65 -99 -99 -99 -99 
2 97225 18.69 18.34 -99 -99 -99 -99 
2 97225 18.77 18.65 -99 -99 -99 -99 
2 97226 18.56 18.26 0.250 0.223 0.160 0.114 
2 97226 18.58 18.64 0.260 0.258 0.195 0.185 
2 97227 19.51 18.33 -99 -99 -99 -99 
2 97227 19.47 18.51 -99 -99 -99 -99 
2 97228 20.95 18.95 -99 -99 -99 -99 
2 97228 20.90 19.12 -99 -99 -99 -99 
2 97229 21.27 19.41 -99 -99 -99 -99 
2 97229 21.11 19.74 -99 -99 -99 -99 
2 97230 19.09 19.09 -99 -99 -99 -99 
2 97230 18.82 19.29 -99 -99 -99 -99 
2 97231 18.97 18.55 -99 -99 -99 -99 
2 97231 18.61 18.74 -99 -99 -99 -99 
2 97232 19.25 18.43 -99 -99 -99 -99 
2 97232 18.93 18.51 -99 -99 -99 -99 
2 97233 18.80 18.31 -99 -99 -99 -99 
2 97233 18.53 18.46 -99 -99 -99 -99 
2 97234 18.60 18.11 -99 -99 -99 -99 
2 97234 18.31 18.33 -99 -99 -99 -99 
2 97235 18.90 17.99 -99 -99 -99 -99 
2 97235 16.62 18.16 -99 -99 -99 -99 
2 97236 20.54 18.33 -99 -99 -99 -99 
2 97236 20.23 18.44 -99 -99 -99 -99 
2 97237 21.32 19.04 -99 -99 -99 -99 
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2 97237 20 .79 19 .26 -99 -99 -99 -99 
2 97238 21 .01 19 .13 -99 -99 -99 -99 
2 97238 20 .54 19 .21 -99 -99 -99 -99 
2 97239 21 .44 19, .43 -99 -99 -99 -99 
2 97239 20 .94 19, .53 -99 -99 -99 -99 
2 97240 21 .33 19, .47 -99 -99 -99 -99 
2 97240 20 .84 19, .56 -99 -99 -99 -99 
2 97241 22 .60 19, .76 0 .280 0 .323 0 .281 0 .226 
2 97241 21, .97 19, .94 0 .300 0 .320 0, .298 0 .279 
2 97242 23 .22 20, .15 -99 -99 -99 -99 
2 97242 22 .53 20, .23 -99 -99 -99 -99 
2 97243 23 .11 20, .64 -99 -99 -99 -99 
2 97243 22 .40 20. ,73 -99 -99 -99 -99 
2 97244 22 .97 20. .64 -99 -99 -99 -99 
2 97244 22 .21 20. ,71 -99 -99 -99 -99 
2 97245 23 .32 20. 81 -99 -99 -99 -99 
2 97245 22. .40 20. ,86 -99 -99 -99 -99 
2 97246 20. .50 20. ,25 -99 -99 -99 -99 
2 97246 19. .63 20. ,27 -99 -99 -99 -99 
2 97247 18. .67 19. ,17 -99 -99 -99 -99 
2 97247 17. .64 19. ,16 -99 -99 -99 -99 
2 97248 18. ,61 18. ,39 -99 -99 -99 -99 
2 97248 17. ,53 18. ,28 -99 -99 -99 -99 
2 97249 20. ,54 18. 37 -99 -99 -99 -99 
2 97249 19 . ,77 18. ,39 -99 -99 -99 -99 
2 97250 22. ,09 19. ,33 -99 -99 -99 -99 
2 97250 20. .90 19. ,31 -99 -99 -99 -99 
2 97251 20. .93 19. ,27 -99 -99 -99 -99 
2 97251 19. .83 19. ,19 -99 -99 -99 -99 
2 97252 21. ,34 19, 33 -99 -99 -99 -99 
2 97252 20 . ,62 19. 31 -99 -99 -99 -99 
2 97253 19. ,65 19. ,01 0 . ,340 0 . 342 0 .  242 0 . ,170 
2 97253 19 .  ,15 18. 98 Q .  ,340 0 . ,320 0 . 290 0 . 234 
2 97254 18 . ,66 18. 35 -99 -99 -99 -99 
97254 18 .  62 18. 39 -99 -99 -99 -99 
2 97255 19 . 25 18. 01 -99 -99 -99 -99 
-> 97255 19. 42 18. 21 -99 -99 -99 -99 
2 97256 20 .  ,28 18.2 -99 -99 -99 -99 
2 97256 19 .  ,59 18. 46 -99 -99 -99 -99 
2 97257 21. ,30 19. 41 -99 -99 -99 -99 
2 97257 20 .  36 19. 77 -99 -99 -99 -99 
NO TILL 
3 97144 16 . 43 14 , 22 -99 -99 -99 -99 
3 97144 17 .17 14 , 71 -99 -99 -99 -99 
3 97145 15 , .41 14 , 39 -99 -99 -99 -99 
3 97145 15 .82 14 , 87 -99 -99 -99 -99 
3 97146 12 , .84 13 , 69 -99 -99 -99 -99 
3 97146 13 . 06 13, .54 -99 -99 -99 -99 
3 97147 10 . 47 12, .14 -99 -99 -99 -99 
3 97147 10 . 59 12.2 -99 -99 -99 -99 
3 97148 10 . 71 11, ,33 -99 -99 -99 -99 
3 97148 10. .80 11. ,34 -99 -99 -99 -99 
3 97149 11. .43 11. ,12 -99 -99 -99 -99 
3 97149 11. .41 11. ,11 -99 -99 -99 -99 
3 97150 12 . 87 11. .33 -99 -99 -99 -99 
3 97150 12. .63 11. ,31 -99 -99 -99 -99 
3 97151 15. .83 12. .36 -99 -99 -99 -99 
3 97151 15. .38 12 . ,34 -99 -99 -99 -99 
3 97152 18. .62 13. .98 -99 -99 -99 -99 
3 97152 17. .84 13. .82 -99 -99 -99 -99 
3 97153 19. .67 15. .24 -99 -99 -99 -99 
3 97153 18. ,87 15. ,01 -99 -99 -99 -99 
3 97154 20. ,27 16, ,11 -99 -99 -99 -99 
3 97154 19. ,51 15. ,78 -99 -99 -99 -99 
3 97155 20. ,51 16, 63 0, ,360 0 .335 0 , .372 0 .353 
3 97155 19, ,75 16, ,36 0, ,370 0 .328 0 .346 0 .348 
3 97156 20, 99 17, 25 -99 -99 -99 -99 
3 97156 20. , 14 16, ,87 -99 -99 -99 -99 
3 97157 20, 01 17, ,47 -99 -99 -99 -99 
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3 97157 19 .27 17 .08 -99 -99 -99 -99 
3 97158 20 .13 17 .43 -99 -99 -99 -99 
3 97158 19 .22 17 -99 -99 -99 -99 
3 97159 20 .06 17 .62 -99 -99 -99 -99 
3 97159 19 .27 17 .13 -99 -99 -99 -99 
3 97160 19 .67 17 .52 -99 -99 -99 -99 
3 97160 18 .81 17 .11 -99 -99 -99 -99 
3 97161 20 .08 17 .63 -99 -99 -99 -99 
3 97161 19 .12 17 .15 -99 -99 -99 -99 
3 97162 20 .64 17 .88 -99 -99 -99 -99 
3 97162 19 .61 17 .34 -99 -99 -99 -99 
3 97163 21 .02 18 .33 -99 -99 -99 -99 
3 97163 20 .21 17 .78 -99 -99 -99 -99 
3 97164 20 .96 18 .47 -99 -99 -99 -99 
3 97164 20 .44 18 .09 -99 -99 -99 -99 
3 97165 20 .56 18 .62 -99 -99 -99 -99 
3 97165 19 .88 18 .22 -99 -99 -99 -99 
3 97166 21 .88 18 .98 -99 -99 -99 -99 
3 97166 21 .06 18 .47 -99 -99 -99 -99 
3 97167 21 .95 19 .39 -99 -99 -99 -99 
3 97167 21 .28 18 .89 -99 -99 -99 -99 
3 97168 21 .83 19, .61 -99 -99 -99 -99 
3 97168 20 .84 19 .03 -99 -99 -99 -99 
3 97169 21 .96 19, .  91 -99 -99 -99 -99 
3 97169 21 .14 19 .32 -99 -99 -99 -99 
3 97170 21 .57 19, .  92 -99 -99 -99 -99 
3 97170 21, .07 19.4 -99 -99 -99 -99 
3 97171 22, .97 20. .  14 0 .370 0 .332 0 .313 0 .285 
3 97171 22 .58 19, .74 0 .380 0 .351 0 .347 0 .328 
3 97172 22. .98 20. .79 -99 -99 -99 -99 
3 97172 22, .64 20. .38 -99 -99 -99 -99 
3 97173 23, .66 21. .08 -99 -99 -99 -99 
3 97173 23, .20 20 . 68 -99 -99 -99 -99 
3 97174 24, .51 21.6 -99 -99 -99 -99 
3 97174 24. .06 21. .28 -99 -99 -99 -99 
3 97175 24. .38 21. .95 -99 -99 -99 -99 
3 97175 23 . 88 21. ,64 -99 -99 -99 -99 
3 97176 22. .85 21. .52 -99 -99 -99 -99 
3 97176 22. .64 21. ,41 -99 -99 -99 -99 
3 97177 21. .45 21. ,03 -99 -99 -99 -99 
3 97177 21. .81 20 .  74 -99 -99 -99 -99 
3 97178 22. .19 20 .  84 -99 -99 -99 -99 
3 97178 23 . 44 21. 03 -99 -99 -99 -99 
3 97179 23 . 61 21. ,36 -99 -99 -99 -99 
3 97179 24. ,79 21. 69 -99 -99 -99 -99 
3 97180 24 . 17 21. 95 -99 -99 -99 -99 
3 97180 25. .48 22 .  42 -99 -99 -99 -99 
3 97181 23. .44 22 .  05 -99 -99 -99 -99 
3 97181 24 . ,97 22 .  57 -99 -99 -99 -99 
3 97182 24 . 29 22. 24 -99 -99 -99 -99 
3 97182 25 . 88 22 .  87 -99 -99 -99 -99 
3 97183 23. .30 22 .  44 0 .270 0 , .267 Q , .245 0, .240 
3 97183 24 . 80 23 .  09 0 , .300 0 , .296 0 , 303 0 , .266 
3 97184 21. ,01 21. 65 -99 -99 -99 -99 
3 97184 22. .44 22. 37 -99 -99 -99 -99 
3 97185 19. ,61 20 .  52 -99 -99 -99 -99 
3 97185 21, ,06 21. 27 -99 -99 -99 -99 
3 97186 19. ,45 19. 82 -99 -99 -99 -99 
3 97186 20. 66 20. 62 -99 -99 -99 -99 
3 97187 20. 64 19. 83 -99 -99 -99 -99 
3 97187 21. 97 20.5 -99 -99 -99 -99 
3 97188 20. 53 20. 16 -99 -99 -99 -99 
3 97188 22. 28 21. 04 -99 -99 -99 -99 
3 97189 22. 32 20. 38 -99 -99 -99 -99 
3 97189 23 .  ,71 21. 18 -99 -99 -99 -99 
3 97190 22. 49 21. 06 -99 -99 -99 -99 
3 97190 24 .  ,18 21. 93 -99 -99 -99 -99 
3 97191 21. 84 21. 02 -99 -99 -99 -99 
3 97191 23 .  ,55 21. 99 -99 -99 -99 -99 
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3 97192 22 .32 20 .84 -99 -99 -99 -99 
3 97192 23 .60 21.7 -99 -99 -99 -99 
3 97193 23 .30 21 .27 -99 -99 -99 -99 
3 97193 24 .50 22 .05 -99 -99 -99 -99 
3 97194 24 .35 21 .91 -99 -99 -99 -99 
3 97194 25 .55 22 .54 -99 -99 -99 -99 
3 97195 23 .72 22 .18 -99 -99 -99 -99 
3 97195 25 .05 22 .75 -99 -99 -99 -99 
3 97196 22 .63 21 .75 -99 -99 -99 -99 
3 97196 24 .46 22 .49 -99 -99 -99 -99 
3 97197 24 .34 22 .11 0 .240 0 .242 0 .234 0 .233 
3 97197 26 .25 23 .01 0 .240 0 .245 0 .266 0 .257 
3 97198 25 .21 22 .72 -99 -99 -99 -99 
3 97198 26 .98 23 .61 -99 -99 -99 -99 
3 97199 25 .49 23 .06 -99 -99 -99 -99 
3 97199 27 .16 23 .95 -99 -99 -99 -99 
3 97200 25 .88 23 .34 -99 -99 -99 -99 
3 97200 27 .55 24.3 -99 -99 -99 -99 
3 97201 25 .84 23 .61 -99 -99 -99 -99 
3 97201 27 .29 24 .54 -99 -99 -99 -99 
3 97202 24 .06 23 .21 -99 -99 -99 -99 
3 97202 24. .95 24 .11 -99 -99 -99 -99 
3 97203 23 .71 22 .66 -99 -99 -99 -99 
3 97203 24 .60 23 .40 -99 -99 -99 -99 
3 97204 22. .84 22 .25 -99 -99 -99 -99 
3 97204 23 . 40 22 .85 -99 -99 -99 -99 
3 97205 22. .71 21. .89 -99 -99 -99 -99 
3 97205 23 .17 22 .34 -99 -99 -99 -99 
3 97206 24 .40 22 .19 -99 -99 -99 -99 
3 97206 25. .00 22. .57 -99 -99 -99 -99 
3 97207 25 . 28 22 .80 -99 -99 -99 -99 
3 97207 26. .17 23 . 29 -99 -99 -99 -99 
3 97208 25 . 47 23 , .21 -99 -99 -99 -99 
3 97208 26. .49 23 . 84 -99 -99 -99 -99 
3 97209 23. .83 22. .95 -99 -99 -99 -99 
3 97209 24 . 42 23 . 50 -99 -99 -99 -99 
3 97210 22. .13 22. .32 -99 -99 -99 -99 
3 97210 22. .94 22 . 81 -99 -99 -99 -99 
3 97211 21. .09 21. .43 0 , .300 0 . 311 0 , .341 0 . 327 
3 97211 22. .15 22 . 11 0 , .310 0 . 322 0 , .326 0 . 306 
3 97212 20. .05 20. .73 -99 -99 -99 -99 
3 97212 21. .26 21. .43 -99 -99 -99 -99 
3 97213 20. .15 20 . 20 -99 -99 -99 -99 
3 97213 21. .31 21. .08 -99 -99 -99 -99 
3 97214 21. .09 20 . 15 -99 -99 -99 -99 
3 97214 22. .12 20 . . 94 -99 -99 -99 -99 
3 97215 22. .17 20. ,57 -99 -99 -99 -99 
3 97215 23. .40 21. .36 -99 -99 -99 -99 
3 97216 22. .49 20. .95 -99 -99 -99 -99 
3 97216 23. 59 21. .77 -99 -99 -99 -99 
3 97217 20. .75 20. , 78 -99 -99 -99 -99 
3 97217 21. 83 21. ,52 -99 -99 -99 -99 
3 97218 19. 16 20. ,00 -99 -99 -99 -99 
3 97218 20. 24 20. ,70 -99 -99 -99 -99 
3 97219 19. 59 19. ,50 -99 -99 -99 -99 
3 97219 20. 76 20. ,17 -99 -99 -99 -99 
3 97220 19. 70 19. 47 -99 -99 -99 -99 
3 97220 20. 98 20. 23 -99 -99 -99 -99 
3 97221 19. 55 19. 37 -99 -99 -99 -99 
3 97221 20. 75 20. 12 -99 -99 -99 -99 
3 97222 20. 11 19. 40 -99 -99 -99 -99 
3 97222 21. 11 20. 18 -99 -99 -99 -99 
3 97223 18. 08 19. 01 -99 -99 -99 -99 
3 97223 18. 76 19. 74 -99 -99 -99 -99 
3 97224 18. 22 18. 34 -99 -99 -99 -99 
3 97224 18. 52 18. 92 -99 -99 -99 -99 
3 97225 18. 55 18. 42 -99 -99 -99 -99 
3 97225 19. 06 18. 84 -99 -99 -99 -99 
3 97226 18. 34 18. 36 0 .  260 0.  227 0. 238 0.  214 
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3 97226 18 .95 18 .82 0 .280 0 .257 0 .215 0 .204 
3 97227 19 .18 18 .31 -99 -99 -99 -99 
3 97227 19 .79 18 .80 -99 -99 -99 -99 
3 97228 20 .53 18 .89 -99 -99 -99 -99 
3 97228 21 .33 19 .41 -99 -99 -99 -99 
3 97229 20 .77 19 .51 -99 -99 -99 -99 
3 97229 21 .36 19 .91 -99 -99 -99 -99 
3 97230 18 .70 19 .08 -99 -99 -99 -99 
3 97230 18 .98 19 .48 -99 -99 -99 -99 
3 97231 18 .53 18 .54 -99 -99 -99 -99 
3 97231 18 .78 18 .84 -99 -99 -99 -99 
3 97232 18 .80 18 .48 -99 -99 -99 -99 
3 97232 19 .07 18 .73 -99 -99 -99 -99 
3 97233 18 .40 18 .41 -99 -99 -99 -99 
3 97233 18 .92 18 .69 -99 -99 -99 -99 
3 97234 18 .15 18 .20 -99 -99 -99 -99 
3 97234 18 .78 18 .52 -99 -99 -99 -99 
3 97235 18 .43 18 .06 -99 -99 -99 -99 
3 97235 19 .08 18 .35 -99 -99 -99 -99 
3 97236 19 .  96 18 .42 -99 -99 -99 -99 
3 97236 20 .70 18 .73 -99 -99 -99 -99 
3 97237 20 .46 19 .12 -99 -99 -99 -99 
3 97237 21 .07 19 .45 -99 -99 -99 -99 
3 97238 20 .28 19 .21 -99 -99 -99 -99 
3 97238 20. .65 19 .42 -99 -99 -99 -99 
3 97239 20. 61 19 .40 -99 -99 -99 -99 
3 97239 21 .03 19 .68 -99 -99 -99 -99 
3 97240 20. .57 19 .42 -99 -99 -99 -99 
3 97240 20 .98 19 .65 -99 -99 -99 -99 
3 97241 21. .66 19 .82 0 . 280 0, .284 0 , .307 0 .301 
3 97241 22 .12 20 .02 0. ,310 0 , .291 0 .281 0 .246 
3 97242 22 .24 20 .20 -99 -99 -99 -99 
3 97242 22 .70 20 .36 -99 -99 -99 -99 
3 97243 22. .06 20 .47 -99 -99 -99 -99 
3 97243 22 . 66 20, .75 -99 -99 -99 -99 
3 97244 21. .85 20 .46 -99 -99 -99 -99 
3 97244 22. .42 20, .74 -99 -99 -99 -99 
3 97245 22 .09 20 .60 -99 -99 -99 -99 
3 97245 22 . 51 20, .  87 -99 -99 -99 -99 
3 97246 19. .56 20, .15 -99 -99 -99 -99 
3 97246 19. . 93 20, .29 -99 -99 -99 -99 
3 97247 17 . 58 19 .13 -99 -99 -99 -99 
3 97247 18 . 24 19, .31 -99 -99 -99 -99 
3 97248 17, .55 18, .28 -99 -99 -99 -99 
3 97248 18. .12 18, .53 -99 -99 -99 -99 
3 97249 19. .45 18, .26 -99 -99 -99 -99 
3 9724 9 20. .12 18, .55 -99 -99 -99 -99 
3 97250 20 . 47 19, ,12 -99 -99 -99 -99 
3 97250 21. .11 19, .42 -99 -99 -99 -99 
3 97251 19. .49 19, .01 -99 -99 -99 -99 
3 97251 19. .80 19, .27 -99 -99 -99 -99 
3 97252 19. .69 19, .06 -99 -99 -99 -99 
3 97252 20. .65 19, .34 -99 -99 -99 -99 
3 97253 18 . 02 18 , .70 0 .  320 0 .  252 0, .229 0 , .190 
3 97253 19. ,47 19. .16 0. 320 0 .  264 0 . 254 0. .185 
3 97254 17. ,08 18. .07 -99 -99 -99 -99 
3 97254 18. ,97 18. .60 -99 -99 -99 -99 
3 97255 17. .50 17, .70 -99 -99 -99 -99 
3 97255 19. ,47 18. .37 -99 -99 -99 -99 
3 97256 18. .36 17 , .80 -99 -99 -99 -99 
3 97256 19. .66 18. .56 -99 -99 -99 -99 
3 97257 19 . 44 •99 -99 -99 -99 -99 
3 97257 20. ,34 19, .79 -99 -99 -99 -99 
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Header Definitions: 
CHTD = canopy height, m 
LWAD = leaf weight, kg dry matter ha"' 
SWAD = stem weight, kg dry matter ha"' 
CWAD = canopy weight, kg dry matter ha"' 
PWAD = pod weight, kg dry matter ha"' 
L#SD = leaf number per stem (nodes) 
GWAD = grain weight, kg dry matter ha"' 
:  GROWTH 
TRNO DATE CHTD LWAD SWAD CWAD PWAD L«SD GWAD 
CHISEL PLOW 
1 97155 0 .090 81 31 112 0 1 -99 
1 97155 0 .080 94 31 126 0 1 -99 
1 971S5 0 .080 86 30 116 0 1 -99 
1 97155 0 .085 91 32 123 0 1 -99 
1 97169 0 .190 293 155 449 0 3 -99 
1 97169 0 .195 242 173 415 0 3 -99 
1 97169 0 .190 242 121 364 0 3 -99 
1 97169 0 .185 188 125 314 0 3 -99 
1 97184 0 .420 579 579 1158 0 8 -99 
1 97184 0 .450 689 714 1403 0 8 -99 
1 97184 0 .410 553 509 1062 0 7 -99 
1 97184 0 .410 623 590 1213 0 7 -99 
1 97198 0 .648 1237 1596 2850 17 9 -99 
1 97198 0 .660 1120 1441 2595 34 10 -99 
1 97198 0 .635 970 1266 2288 52 9 -99 
1 97198 0 .673 1235 1749 3028 44 10 -99 
1 97211 0 .864 936 1541 2813 336 12 -99 
1 97211 0 .813 1477 2294 4484 713 12 -99 
1 97211 0 .775 1367 2124 4002 510 13 -99 
1 97211 0 .838 1412 2246 4142 483 13 -99 
1 97225 0 .914 1508 2732 6080 1840 15 -99 
1 97225 0 .940 1558 2801 6616 2258 14 -99 
1 97225 0 .864 1583 2805 6485 2097 14 -99 
1 97225 0 .940 1469 2890 6529 2169 14 -99 
1 97241 0 .914 1061 2223 6501 3216 14 -99 
1 97241 0 .927 961 2321 7586 4305 14 -99 
1 97241 0 , .902 1316 2768 8999 4916 15 -99 
1 97241 0 .965 1344 2713 8639 4581 14 -99 
1 97253 0. .838 0 1910 6864 4954 14 -99 
1 97253 0 . 838 151 1894 7037 4992 14 -99 
1 97253 0, .787 0 1564 6438 4874 14 -99 
1 97253 0 . 826 95 1963 8035 5977 13 -99 
1 97263 -99 -99 -99 -99 -99 -99 3241 
1 37263 -99 -99 -99 -99 -99 -99 3405 
1 97263 -99 -99 -99 -99 -99 -99 3206 
1 97263 -99 -99 -99 -99 -99 -99 3559 
MOLDBOARD 
2 97155 0 .  .095 94 35 129 0 1 -99 
2 97155 0. .095 100 33 134 0 1 -99 
2 97155 0 .  .085 83 25 108 0 1 -99 
2 97155 0. .085 86 29 115 0 1 -99 
2 97169 0 .  .210 253 142 395 0 3 -99 
2 97169 0. .210 245 163 408 0 4 -99 
2 97169 0. .210 195 143 337 0 3 -99 
2 97169 0. 210 222 157 379 0 4 -99 
2 97184 0.  450 725 756 1481 0 8 -99 
2 97184 0. 440 615 606 1221 0 7 -99 
2 97184 0.  430 532 583 1114 0 7 -99 
2 97184 0.  410 532 472 1004 0 7 -99 
2 97198 0 .  673 1404 1897 3351 49 10 -99 
2 97198 0.  711 1353 1756 3171 63 10 -99 
2 97198 0.  648 1216 1623 2873 34 10 -99 
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2 97198 0 .648 1399 
2 97211 0 .762 1107 
2 97211 0 .813 1288 
2 97211 0 .787 1335 
2 97211 0 .813 1363 
2 97225 0 .972 1573 
2 97225 0 .953 1698 
2 97225 0 .940 1536 
2 97225 0 .851 1495 
2 97241 0 .914 951 
2 97241 0 .940 1212 
2 97241 0 .902 965 
2 97241 0 .978 1264 
2 97253 0 .813 0 
2 972S3 0 .826 10 
2 97253 0, .889 15 
2 972S3 0 .787 0 
2 97263 -99 -99 
2 97263 -99 -99 
2 97263 -99 -99 
2 97263 -99 -99 
TILL 
3 97155 0. .080 84 
3 97155 0 . 085 80 
3 97155 0 . 075 75 
3 97155 0. .075 87 
3 97169 0 . 180 175 
3 97169 0 . 180 189 
3 97169 0 . 170 144 
3 97169 0. .170 138 
3 97184 0 . 390 503 
3 97184 0 . 400 415 
3 97184 0. .360 391 
3 97184 0 . 420 579 
3 97198 0. .597 801 
3 97198 0 .  597 929 
3 97198 0 .  .559 846 
3 97198 0 .  .584 899 
3 97211 0 .  ,737 1183 
3 97211 0 .  .699 917 
3 97211 0 .  ,775 1440 
3 97211 0 .  74 9 1252 
3 97225 0 .  ,838 1235 
3 97225 0 .  813 1586 
3 97225 0 .  ,851 1290 
3 97225 0 .  851 1452 
3 97241 0 .  ,838 1009 
3 97241 0 .  787 869 
3 97241 0 .  889 800 
3 97241 0 .  826 993 
3 97253 0 .  813 351 
3 97253 0 .  737 0 
3 97253 0.  775 69 
3 97253 0 .  838 114 
3 97263 -99 -99 
3 97263 -99 -99 
3 97263 -99 -99 
3 97263 -99 -99 
3326 56 9 -99 
3073 426 13 -99 
3832 607 13 -99 
3809 553 13 -99 
3971 618 13 -99 
6328 1903 15 -99 
7300 2428 15 -99 
7041 2526 15 -99 
6173 2044 14 -99 
8050 4753 14 -99 
8473 4563 15 -99 
8037 4733 14 -99 
9058 4863 14 -99 
6950 4961 15 -99 
6498 4814 15 -99 
7013 5316 15 -99 
7392 5552 15 -99 
-99 -99 -99 4215 
-99 -99 -99 4079 
-99 -99 -99 3932 
-99 -99 -99 3826 
109 0 1 -99 
110 0 1 -99 
95 0 1 -99 
118 0 1 -99 
315 0 3 -99 
303 0 3 -99 
245 0 2 -99 
245 0 2 -99 
962 0 6 -99 
792 0 6 -99 
798 0 6 -99 
1132 0 7 -99 
1831 0 9 -99 
2145 0 9 -99 
1904 0 9 -99 
2111 6 9 -99 
3076 295 11 -99 
2450 291 11 -99 
4103 295 12 -99 
3244 238 11 -99 
4919 1707 13 -99 
6650 1998 13 -99 
5419 1782 13 -99 
5940 2066 12 -99 
6955 3966 14 -99 
6148 3531 12 -99 
5590 2982 13 -99 
7883 4565 13 -99 
6136 4001 13 -99 
4632 3677 12 -99 
6384 4841 14 -99 
6774 4821 13 -99 
-99 -99 -99 3328 
-99 -99 -99 3536 
-99 -99 -99 3765 
-99 -99 -99 3640 
1871 
1540 
1937 
1921 
1990 
2852 
3173 
2979 
2634 
2347 
2698 
2339 
2931 
1989 
1674 
1683 
1840 
-99 
-99 
-99 
-99 
25 
30 
20 
31 
140 
114 
101 
107 
459 
377 
408 
554 
1030 
1216 
1058 
1205 
1597 
1242 
2368 
1754 
1977 
3066 
2347 
2422 
1980 
1748 
1807 
2325 
1784 
956 
1474 
1840 
-99 
-99 
-99 
-99 
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